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FOREWORD 

This  special   report   describes   a  nonlinear  model  which 
can be   used   to  predict   combustion   instability   zones   in 
liquid  rocket   engines.     The   report  was  prepared  by 
M.   R.   Beltran,   B.   P.   Breen,   R.   J.   Hoffman,   T.   C.   Kosvic, 
C.   F.   Sanders,   and  R.   0.   Wright   of  the   Propulsion 
Department   of  Dynamic  Science  Corporation,   1900  Walker 
Avenue,   Monrovia,   California.     The  work  was   funded   on 
Air  Force   Contract   No.   AF  04(611)-10542   under Task   No. 
305802   of  Project   No.   3058,   during   the  period January   1, 
1965  through   December  30,   1965.     This   contract  was 
administered   under   the   direction   of   R.   R.   Weiss   and 
Lt.   J.   J.   Stewart   of  the   Rocket   Propulsion   Laboratory, 
Edwards  Air  Force   Base,   California. 
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ABSTRACT 

This report develops a nonlinear model which can be 
used to predict combustion instability zones in liquid 
rocket engines.  The nonlinear model is developed by combin- 
ing a nonlinear instability model with a steady-state vapori- 
zation model.  Such an analysis determines the zones of an 
engine in which a tangential mode of high frequency insta- 
bility is most easily initiated.  A rocket engine can be 
analyzed by incrementally dividing the combustion chamber 
in.to annular nodes in the r and z directions.  Steady-state 
properties at each annular node or position in the chamber 
are computed from the steady-state vaporization computer 
program.  The steady-state program is capable of computing 
combustion profiles in thermally unstable propellants of 
the monomethyIhydrazine/nitrogen tetroxide type.  This model 
describes droplet vaporization with vapor phase decomposition. 
Using the computed steady-state properties and the stability 
limit curves from the instability computer program, stability 
at each node is determined.  This process is repeated for 
each node to determine a stability map of the entire engine. 
Thus stability can be related to hardware design parameters, 
thereby enabling the influences of system design and stability 
rating devices to be determined. 

This report has been divided into four main parts.  Tart 
one deals with the application of the steady-state and insta- 
bility program to determine stability zones in a rocket 
engine.  Part two covers the details of the steady-state 
model for monopropellant type fuels such as monomethyl- 
hydrazine.  Part three deals with the nonlinear instability 
model used to generate the stability limit curves and 
finally, part four contains the details of the steady-state 
and instability programs and computer listings. 
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NOMENCLATURI: 

A combustor   contraction  ratio,   A   /At 

Ac cross-sectional   area  of  combustor 

Ak kinetic   constant,   equation   111-51 
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P r r 
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Cv specific  heat   at   constant   volume 

C* characteristic  exhaust  velocity 

droplet   concentration   111-3 

local   fuel   fraction  vaporized 
'—ZU" 

£(Y) function  of  gamma    / 2       Y-l 

f 
JT 
V Y*l 

g acceleration   due   to  gravity 

I momentum  flux 

J.. mechanical  equivalent n 

J viscous-dissipation parameter 

k thermal   conductivity 

L burning-rate   parameter 

M molecular weight 

m burning   rate   of  propellent,   fraction/inch 
and  mass   of   drop 

Nuh Nusselt   number,   heat  transfer 
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Nussclt   number,   mass   transfer 

number  of  drops/second in each   drop  size 
group  and  exponent   of  reaction   velocity 
equation,    111-31 

pressure 

vapor pressure 

Prandtl number 

maximum pressure minus minimum pressure in 
annulus 

rate of heat transferred 

heat of reaction 

heat arriving at drop surface 

universal gas constant 

Reynolds number 

Reynolds number of droplet based on the speed 
oi sound 

drop radius and radial direction 

radial element thickness 

radius of annular ring 

decomposition flame radius 

surface area 

Schmidt number 

temperature 

average film temperature (Tg-T£)/2 

time 

internal  energy  of   liquid 

gas  velocity   (only   in  Section   III   and  Appendix  1) 

velocity  and  drop  velocity   (only  in  Section  III 
and Appendix  I) 



ÄV 

AV. 

z 

Az 

a 

ß 

Y 

7 

e 

x 

w 

p 

T 

X* 

u 

absolutive  value  of  vtlocity   difference 
between   gases   and  drops 

absolutive  value  of  velocity   difference  between 
gases   and  drops   in   axial   direction 

propellant   flow   rate 

vaporization  rate  of  single   drop   (Ibm/sec) 

axial  position   (x«0   at   injector) 

axial   direction   and  as   defined  by  equation   III-ll 

axial   element   thickness 

correction   factor  for  mass   transfer,   equation   III-5 

defined   by   111-35 

specific-heat   ratio 

del  operator 

efficiency  based  on   characteristic   velocity 

angular   direction   and  defined   by  equation   111-29 

heat   if  vaporization   (Section   III   and  Appendix   I) 
and  thermal  conductivity   of  gases 

viscosity 

defined  by   equation   111-37 

density 

stress   tensor 

mixture   ratio,      0/F 

defined  by   equation   111-36 

defined   by   equation   111-27 

defined  by  equation   111-28 

local  instantaneous  burning  rate 
(Ibm/sec   in3) 
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Subscripts 

a vapor 

c combusted or combustion chamber 

d droplet 

f fuel 

g product gas 

i index of summation 

j at injector 

I liquid 

m vaporization mantle 

o oxidizer, stagnation, or steady-state 

p particle 

s stability quantity 

v vaporized 

Superscripts : 

' reduced parameter, defined in equation 

average 

vii 



I.    INTRODUCTION 

The problem   of unstable  combustion  in   rockets   represents 
one  of   the   most   serious   obstacles  to   reliable performance. 
Despite   the   research which  has  been  performed  in   an  attempt 
to   understand  the   mechanism  of  combustion   instability,   there 
has  not  been   a satisfactory  model  relating   stability   to pro- 
pellant  properties   and   combustion  chamber  design.     The   research 
developed herein   is  directed at   obtaining  an  understanding   of 
the  behavior  of propellent   sprays   in   a   liquid propellent  engine 
under  oscillating   flow   conditions   as   a  means   of  relating  com- 
bustion   stability   to propellant   properties   and  injector design. 

A   number of   different   types   of  instability   are   recognized 
which   differ  in  observed  characteristics  and which  depend   on 
different  mechanisms.     The  work   discussed  in  this   report  is 
concerned only with   liquid  propellant   rocket   engines.     Further, 
of   the   various  types  of  instabilities   observed in   liquid pro- 
pellant   engines,   this  work   is  pertinent  to   the  type  usually 
defined  as   the high  frequency  instability.     The  principal 
characteristics  of  such   an   instability,   in  terms   of the  theore- 
tical   analysis,   is   that   the  processes   involved in  these  insta- 
bilities  «ire   assumed to  be   isolated within   the  combustion   chamber 
and  are  not   coupled,   nor  do   they   irteract with processes  outside 
the   combustion  chamber. 

For  the   steady-state   combustion  process   as  well   as   the 
unstable  combustion,   it   is   assumed  that  atomization  of   the 
propellant  occurs   very   rapidly  close   to   the   injector   face. 
This  does not  mean   that   atomization  is   ignored.     On  the   con- 
trary,   it  is   assumed  that  the  atomization process   determines 
the   size,  position   and  velocity   distribution   of  the  drops 
which participate   in  the   combustion process.     Changes   in 
conditions  which   affect   atomization  thus  affect   the  droplet 
distribution.     The   description  of  the   atomization  process 
becomes,   since  it   is  omitted   from  the   theory,   an   essential   part 
of   an  experimental   program.     The   experimental  program  determines 
the   relationship  between   the  injector   variable»   and droplet 
distributions.   The   theory  begins   with   a   droplet   distribution. 



Droplet  vaporization   is   treated  in   the   theory  as   the 
rate   controlling process.     This   implies   that   the   rates   of 
mixing  and   chemical   reaction   are   extremely   rapid   compared  to 
vaporization  rates.     On  such   a basis,   vaporization  represents 
a  major part   of  the  total  process   and  only  a  small  error  is 
introduced  by  neglecting  the   time   for  mixing  and   chemical 
reaction.     The  work  of  Priem  and   co-workers   (Kef.   1)   indicates 
considerable  justification   for such  an   assumption   for  many 
propellant   combinations.     If   the   mixing and  chemical  reaction 
times   are   of  the   same  order   of magnitude  as   the   vaporization 
times,   or   a  more  extreme   case,   if   the   vaporization   time   is 
short  compared  to  the   time   required  for  the   other  processes, 
the   model   does   not  apply.      The  assumption  of  a  combustion 
process  controlled by  vaporization   rate  thus  becomes  an 
essential  part   of  the   theorevical   discussion  which   follows. 
The   theory   does   not  apply   to  propellant  which  evaporates   so 
rapidly  that  the   combustion   process  occurs  essentially   in  the 
gas   phase   or,   of  course,   for  propellants  injected   as  gases. 
It   is   important   to  remember,   however,   that  only  one  component 
of  a  bi-propellant  system need have  a   slow  vaporization   rate 
for   the  assumption  to  apply.     For   steady-state   combustion  it 
is   assumed  that  a  given  drop   distribution enters   at  the   injector 
face,   and  that   the  vaporization process,   including   rapid  mixing 
and  reaction,   occurs  within   the  combustion  chamber. 

The  previous   discussion   describes   a  model  for  steady-state 
combustion.     Presumably,   once   initiated,   such  a   system  should 
continue  burning   in  a  stable   manner.     The  problem   of  combustion 
instability  becomes  involved  when   a  disturbance  produces   a 
change   in   distribution,   pressure,   temperature,   velocity   or 
some   combination  of  these.     While   it  is   possible   to visualize 
a  combustion process  which   is   unstable  by  itself   (linear 
instability),the   theory   described  here   requires   some  initiating 
disturbance   (nonlinear  instability).     Such  a  disturbance  may 
be   a  starting  transient,   a   transient  variation  in   injection, 
or  any   change  in   the  established  steady-state   conditions.     The 
interaction  between  such  a   disturbance   and   the  normal  combus- 
tion   process   may   lead  to  a   decrease   or  increase   in   the   intensity 
of  the   disturbance.     A  decrease  in   intensity  would  result  in 
a  return   to  stable  operation,   while  an   increase   in   intensity, 
if  continued,   could  lead  to   a   disturbance   level  which  results 
in  engine   failure. 

o 
An initial disturbance may build up to intensity levels 

r originate at an intensity level which completely changes 
the combustion process.  For example, large amplitude pressure 
waves could shatter droplets producing small droplets that 
change the model.  The existence or development of a strong 
pressure wave could also lead to detonation combustion.  The 



theory   developed  in   this   report   does   not   describe   such   pheno- 
mena.     The  work   conducted by   Dynamic  Science  Corporation   is 
divided  into   two models:      (1)   linear model;   and   (2)   nonlinear 
model.     The   linear   model   describes   the   amplification   of  an 
initially   sm   11   disturbance  which   could   lead   to  other  processes. 
In   this   sense   the   linear  model   is   concerned  with   the   initial 
phases   in   the   transition   from  a   small   disturbance   to   instability. 
The   linear  model   is   described   in   detail   in   Reference   2,   and 
will  not  be   repeated  in   this   report.     The  nonlinear  model   is 
concerned with   the   transition   from   a   finite   disturbance   to  a 
large   amplitude  disturbance. 

Combustion  instability   zones   in   a   liquid   rocket   engine 
arc   determined  in   this   report  by   combining  a   nonlinear   insta- 
bility   program  with   a  steady-state   vaporization  program, 
providing   an   analytical   framework   for  determining   the   relation- 
ship   of  design  parameters   to   stability.      The   analysis   determines 
the   zones   of   an engine   in which  a   tangential   mode   of  high   fre- 
quency   instability   is  most  easily   initiated.     The   Dynamic 
Science  Corporation   instability  program   considers   the   nonlinear 
conservation   equations   with   mass   addition   using   a   steady-state 
vaporization   expression   for  the  burning   rate.     From  such   a 
model,   important  nonlinear phenomena   are  predicted,   i.e., 
(1)   stability   dependence   on   disturbance   amplitude,   (2)    the 
limiting  amplitude   of pressure  oscillations,   and   (3)   non- 
sinusoidal   waveforms.   This   model   applies   to   a   one-dimensional 
annulus   of  small   length   (Az)   and   thickness   (Ar). 
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The   following   report  has   been   divided  into  four  main  parts 
Part  one   deals   with   the   application   of   the  steady-state   and   in- 
stability  program   to  determine   stability   zones   in   a   rocket 
engine.     Part   two   covers   the   details   of   the   steady-state   model 
for monopropellant   type   fuels   such   as   monomethyIhydrazine. 
Part   three   deals  with  the  nonlinear   instability  model   used  to 
generate   the   stability   limit   curves   and   finally.   Part   four 
contains   the   details   of   the   steady-state   and   instability   pro- 
grams   and  computer   listings. 



II.  APPLICATION OF STEADY-STATE AND 
COMBUSTION INSTABILITY MODEL 

1.   Introduction. 

Dynamic Science Cor oration has developed a nonlinear 
model for determining the zones of a liquid rocket engine in 
which a tangential mode of high frequency instability is most 
easily initiated.  This model has been related to hardware 
design parameters, i.e., parameters related to injector design, 
chamber configuration, and propellents, thereby enabling the 
influences of system design and stability rating devices to be 
determined. 

A method for determining the zones of a liquid rocket 
engine in which a tangential mode of high frequency is most 
easily initiated was developed by Beltran and Frankel (Ref. 3). 
This method uses the Priem-Guentert (Ref. 4) nonlinear model 
in conjunction with the Priem-Heidmann (Rcf. 1) propellent 
vaporization model.  A rocket engine is analyzed by incrementally 
dividing the combustion chamber into annular nodes in the r and z 
directions as illustrated in Figure 1. 

From a nonlinear model important nonlinear phenomena are 
predicted, i.e., (1) stability dependence on disturbance wave 
shape, amplitude, type (velocity or pressure), and position; 
(2) the limiting amplitude of the unstable pressure oscillations; 
and (3) the shape of the unstable wave forms.  Such information 
is not only of use from the preliminary design standpoint, but 
also as an invaluable tool in understanding how rocket engines 
should be disturbed during their development test program to 
determine the degree of stability of an engine.  The Dynamic 
Science Corporation model enables the engine designer to deter- 
mine the position to introduce the disturbance, a reasonable 
disturbance amplitude criteria, and the most effective wave 
profile (pressure and velocity disturbance).  Since the injec- 
tor design variables can De related to tnresnold disturoance 
amplitude parameters can be modified to increase stability of 
a given engine configuration or be used in the preliminary 
design of an engine. 

While the Priem-Guentert instability model (Ref. 4) solved 
the nonlinear conservation equations with a steady-state 
vaporization expression for the burning rate, the results are 
only valid for a large droplet-gas relative velocity or drop- 
let Reynolds number based on the speed of sound.  The solution 
of the nonlinear model (Ref. 4) used an explicit first order 
finite difference scheme.  Different integration techniques 
were attempted for the solution of the nonlinear model in 



ANNULAR NODE 

FIGURE 1.  Transtage Rocket Engine Model 



Reference 5.  Difficulties were encountered in attempting 
to reproduce the solutions of Reference 4.  It was deter» 
minded that numerical instability was generating false 
indications of combustion instability in the nonlinear 
model for small   values of the burning rate parameter L. 
Under NASA contract NAS 3-b77 the Priem-Guentert results 
(Ref. 4) were recalculated by Beltran and Wright (Ref. 6} 
using predictor-corrector formulae.   Stability limit 
curves were generated to determine the influences of droplet 
Reynolds number.  Results from this program will be used for 
the following report. 
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Major results of this analysis show that the amplitude 
and position of a pressure disturbance required to initiate 
instability can be determined, thereby defining a sensitive 
zone (and the best place to disturb the engine).  This sensitive 
zone extends several inches from the injector face and occurs 
where the average droplets are moving the slowest relative to 
the gases. 

Dynamic Science Corporation has shown that an annular 
combustor section will be more stable as the droplet Reynolds 
number approaches zero.  Thus, a significant result of this 
work is that there are, for a vaporization controlled combus- 
tion process, three parameters affecting stability: 

(a)  Burning rate parameter - L 

(b) Absolute value of relative velocity - Av 

(c) Reynolds number of drop based on speed of sound - Re^ 



2.   Nodal Method. 

Combustion instability lones in a liquid rocket engine 
are determined by  combining a nonlinear instability model with 
a steady-state vaporization program.  The analysis determines 
the zones of an engine in which a tangential mode of high 
frequency instability is most easily initiated.  In addition, 
it represents an a priori method for determining the relation- 
ship of design parameters to stability. 

The instability model considers the nonlinear conservation 
equations with mass addition using a steady-state expression 
for the burning rate.  This model applies to a one-dimensional 
annulus of small length (Az) and thickness (Ar) shown in 
Figure 1.  Applying the results of this model, a rocket engine 
can be analyzed by incrementally dividing the combustion chamber 
into annular nodes in the r and z directions.  Steady-state 
properties at each annular node or position in the chamber are 
computed from a steady-state vaporization program.  These steady- 
state properties and the curves from the instability model are 
used to determine the stability of the node.  This process is 
repeated for each node to determine a stability map of the 
entire engine. 

For a vaporization controlled combustion process, the 
significant parameters affecting .stability are L, Av, and Re^. 
The burning rate parameter (L) is derived from Damkohler's 

similarity group based on the speed oi 

The Reynolds number of the droplet based on the speed of sound 

)f sound / rantüoY 

\Po »o/ 
ised on the speec 

/rdao  Po\ 
I—" 1 is  derived  from  the  droplet   vaporization  equation. 

For  a  steady-state  combustion process,Av,   «^,   p0,   r^,   g   ,   and  a0 
are   functions   of  r,   6,   and   z.     If   one-dimensional   flow   xs   con- 
sidered,   these  properties   are only   functions   of  z.     Then   L 
■ay be  defined as: 

r   , Y*l     j 
-i-      TTYTTT        -   Lf(Y) (II-l) ^n^o     m   fan1 

Po  ao     "     A 
where 

L    -       »n" (II-2) 



Therefore, since ■ and A are functions of z only, L is a 
function of r and z.  Since annuli are being considered in 
this model it is assumed that the contraction ratio of any 
annulus at z is equal to the contraction ratio of the chamber 
at z.  The Reynolds number of the droplet is a function of z. 

The steady-state vaporization program was used to compute 
Av(z), Red(z) and m(z).  This program assumes that vaporization 
is the controlling combustion process, which is equivalent to 
assuming that mixing and reaction rates are fast compared to 
vaporization rates and that reacted products are formed at the 
same rate as the propellents are vaporized.  This condition 
is satisfied in most high performance rocket engines where 
the propellent is injected uniformly over the entire injector 
face.  Since it is also assumed that the combustion processes 
begin at the point where droplets are formed, a length required 
for atomization was added. 

Example 

To illustrate the nodal method, combustion of a mono- 
methyl hydrazine spray in nitrogen tetroxide was considered. 
This method can be used on other propellent combinations as 
well.  Calculations were based on a monodispersed spray with 
a drop radius of 0.093 inches (75 microns). 
Typical transtage engine parameter» were used:  chamber 
diameter, 11.65 inches; chamber pressure, 100 psia; chamber 
contraction ratio, 2.43; initial drop velocity, 1000 inches 
per second; and initial drop temperature, 530*R. 

Using the outlined chamber parameters &vz, Re^, and m 
are computed as functions of z and plotted in Figures 2, 3     ^ 
and 4 respectively.  Using the vaporization program, only 
the relative velocity in the z direction is computed; however, 
in the injection zone there are large gradients and recircu- 
lation zones due to the viscous action between the sprays 
and combustion gases, so that velocity differences exist 
in the r and 6 directions as well. 
A level of turbulence equivalent to Vz of 0.01 is reasonable 

ao 
in view of the measurements made by Ilersh. (Ref. 7) If it is assumed 
that the drops are unaffected by turbulent oscillations, which 
is justified with the drop size group considered, this velocity 
can be added to &vz thereby obtaining the total Av.  A mean 
drop size was selected to represent the average Av since the 
smallest droplets will follow the gas velocity and the largest 
droplets will lag.  The choice of a mean drop sire serves to 
illustrate the method used; however, this does not imply 
necessarily that a mean drop is a good representation of the 
spray drop distribution.  The method is quite flexible in 
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that it can be readily extended to treat distributed 
relative velocities. 

In Figure 5, L is plotted versus r and z.  Since L Is 
directly proportional to r (equation II-2), it approaches zero 
at the centerline of the engine.  Figure 6 is a plot of the 

pressure amplitude  (p-1 required to sustain a wave for various 
values of the paramerer Av.  The upper boundary represents the 
equilibrium pressure amplitude that the wave will approach at 
steady-state and the lower boundary represents the minimum 
pressure amplitude necessary to initiate instability.  These 
curves were plotted on the basis of Priem's stability limit 
curves.  Figures 2-6 were cross-plotted to determine pulse 
pressure contour lines in the r-z plane in Figure 7.  These 
isobaric lines describe the tangential threshold pulse 
required to initiate instability.  It can be seen that the 
sensitive zone is from 0.2 to 3.0 inches from the injector 
face.  For the case considered, this zone is largest at the 
outer radius.  In general, the largest zone will occur where 
Rej and &v determine a point en the locus of minima of Figure 6. 
Thus', for a larger diameter engine the maximum sensitive zone 
may occur at some intermediate radius.  A plot of AP required 
to induce instability versus z at the outer radius is shown in 
Figure 8.  This plot shows that there is an extremely sensitive 
region occurring when the relative velocity between droplets 
and gas reverses direction, i.e., when Av is minimum. 

12 
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3.   Conclusion. 

Although the results presented here are reasonable in 
light of liquid rocket engine testing experience, it must be 
kept in mind that the basis of the model is a one-dimensional 
description of the transient processes.  Two- and three-di- 
mensional solutions would provide a description of the multi- 
dimensional nonlinear wave interactions and permit a more 
realistic consideration of the chamber boundary conditions 
which may significantly affect the results.  However, it is 
felt that the agreement noted between the one-dimensional 
model and experimental f. dings (Ref. 8 and 9) indicate 
that the one-dimensional approximation leads to meaningful 
results.  Thus, the model is valuable from an engineering 
standpoint since it re  ■■es design parameters directly to 
stability determination. 

Results of this study show that: 1] the amplitude and 
position of a pressure disturbance required to initiate 
instability can be determined, thereby defining a sensitive 
zone; 2) this sensitive zone extends several inches from the 
injector face; 3) the most sensitive region in the zone occurs 
where the average droplets are moving the slowest relative to 
the gases; and 4) approximate baffle length can be determined, 
i.e., baffles must be extended past the instability zone. 
Dynamic Science Corporation has shown that as the droplet 
Reynolds number approaches zero, a rocket engine becomes 
more stable«  A significant result of this work Is that there 
are, for a vaporization controlled combustii process, three 
parameters affecting stability:  1) burniis rate pur*neter; 
2) absolute values of the relative velocity  and 3) Reynolds 
number of drop based on speed of sound-Re 
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III.  STEADY-STATE DROPLET COMBUSTION IN THE MONO- 
METHYLHYDRAZINE-NITROGEN TETROXIDE SYSTEM 

1.   Steady-State Vaporization with Vapor Phase Decomposition. 

Analysis of high frequency instability in liquid rocket 
engines requires a spatial knowledge of such parameters as 
propellant burning rate, relative velocity between gases 
and propellant drops, and Reynolds number of propellant drops 
based on the local speed of sound.  This section describes a 
steady-state combustion model which estimates these para- 
meters in the combustion chamber. 

A model for steady-state droplet combustion allowing for 
vapor phase decomposition of thermally unstable fuels has 
been developed and will be discussed.  In this report the 
model was applied to the monomethyIhydrazine/nitrogen tetroxide 
system.  The model presented enables the computation of steady- 
state profiles within a rocket combustion chamber.  From these 
profiles combustion instability parameters can be computed. 
Details of the computer program developed from the steady- 
state model are presented in Appendix I.  With injection 
parameters specified, i.e., droplet size, injection velocity, 
chamber pressure, mixture, ratio, and droplet temperature, the 
computer program can compute droplet and gas histories along 
the chamber.  This information is required for the design of 
combustion chambers and calculation of C* efficiency.  From 
the results of the computer program the effects which any 
of the numerous design or physical parameters have upon 
chamber operation can be determined.  Thus the influences 
of injector design parameters and physical properties on 
combustion instability can be evaluated. 

This program assumes that droplet vaporization is the 
rate controlling step in liquid rocket chamber combustion. 
This approach has proven successful in previous studies, 
(Ref. 1( 10).  The vaporization rate of a droplet is deter- 
mined by transport phenomena across a boundary layer diffu- 
sion mantle.  For such fuels as MMH and NTO, decomposition 
occurs within this diffusion mantle because of the extreme 
temperature gradient.  Exothermic decomposition may change 
tho mantle temperature gradient to such an extent that a 
decomposition flame appears within the boundary layer. 
This flame has the effect of maintaining high vaporization 
rates even under low convection (flow) conditions.  Thus 
the physical two-flame model presented here determines 
higher combustion rates near the injector face than does 
the single-flame model of Reference 1 and 10. 
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2.   The Model 

Experiments and a literature search indicated that 
decomposition and oxidation flame fronts coexisted in 
the combustion of N2H4 type fuels.  Thus a model which con- 
siders two different burning mechanisms, depending upon 
droplet Reynolds number, was developed.  Such a model is 
compatible with the single-mechanism system of equations 
developed in Reference 1. 

a.   Oxidation Model (Single-Flame Regime). 

This model incorporates features of two other models 
in the literature (Refs. 1, 10).   The treatment of vapori- 
zation which allows for heating of the drops is essentially 
that of Priem and Heidmann (Ref. 1) while the treatments of 
drop ballistics and chamber gas dynamics are essentially 
those developed b/ Rocketdyne (Ref. 10).  The combustion-flow 
process is considered to be one-dimensional.  The model re- 
presents the continuous distribution of drop sizes by an 
arbitrary number of size groups as do both references.  A 
logarithmiconormal distribution has been used to describe 
the spray pattern of the motor of interest; however, any 
type distribution may be substituted into the droplet size 
subroutine. 

(1)  System Equations.  The equations describing 
combustion, assuming vaporization is rate controlling, 
are presented in this section.  These equations are mani- 
pulated so that simultaneous computer solution is possible. 
The existence of a decomposition front, within the boundary 
layer mantle, is consistent with these equations except that 
a different mass vaporization rate must be defined as dis- 
cussed in Section III-2.b.(2). 

(a)  Droplet Ballistics.  A Force-momentum 
balance on the drop yields the equation 

dv    3CrfPglu-vl (u-v) 

d^ "    go, r v (III-l) 

Equations following by an asterisk are applied individually 
to all drop sizes of both oxidizer and fuel. 
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where C. is defined as in reference 10. 

C,  ■ 27 Re 0.84 
0<Re <80 

8 
(III-2)* 

• 0.271 Re„0,217   80<Re <104 
8 8 

• 2 104<Re, 

R   -    2r*vog (III-3)* 

(b)  Droplet Mass.  The rate of evaporation 
from a spherical drop of propellent is given by the equation 
(Ref. 1). 

2* Dar  M, «Nu, 

RT 
(III-4)* 

where ln     I?7p-J» and (III-5)* 

the Nusselt number for mass transfer is determined from 
Ranz and Marshall's correlation (Ref. 11). 

Nu_ • 2 ♦ 0.6 Re 1/2 Sc1/3 (III-6)* 

Thus the change in droplet mass with distance is given by 

dm s dm dt 
Jx It 1* 

w 
V (III-7)» 

(c)  Heat Transfer to Droplet.  A heat balance on 
a single droplet yields the result that the rate of accumula- 
tion of en.rgy must equal the net energy transferred to the 
drop at any time. 

•Equations followed by an asterisk are applied individually 
to all drop sizes of boti. oxidizer and fuel. 

20 



Thus , 

m  C Pi ri -   wX   - 
wv2 

♦   Qi (III-8) 

The  term QR  represents   the  radiant  heat  transfer to the  drop 
and has  been  omitted   from  this program;   although,   it  could 
be   included  if  values   for  emissivity  justify  it. 

The   third  term  on   the   right   hand  side   of   (III-8)   represents 
the  kinetic  energy   imparted  to the  vapor   leaving  the  surface. 
This   term  is  generally  negligible but  was   included  in  the 
program  since   it   can  be   important  for  small   radii   and/or  for 
drops  near  their  critical   temperature   (for which   X  approaches 
zero). 

The  term q     represents   the  heat   transferred  to  the  vaporizing 
drop  by   convection with  mass   transfer.     This   is   defined   in 
terms   of a heat   transfer  coefficient  as 

qv        -   4irr2h   (Tg-T£) 

Where the heat transfer coefficient with mass transfer, h, 
is related to the coefficient without mass transfer by 

and 

fej 
wC Pa^ 
4irr2h 

wC Pa,m 
2»r Nuh k,, 

(111-9) 

(111-10) 

(III-ll)* 

Again the Nusselt number for heat transfer has been defined 
in the work of Ranz and Marshall (Ref. 11) to be 

Nuh  - 2 ♦ 0.6 Re^2   Pr1/3 

Substituting into (III-9) 

q   ■    Pa.«   5  * 
tv   

(e* -1) 

Finally  the heat  balance   (III-8)   yields 

dT, 

dx 

qv.wX   -  ^v£ 

m  Cp£v 

(111-12)* 

(111-13) 

(III-14)* 
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(d)      Chamber  Pressure, 
incremental   chamber   length  yields 

A   force balance  on  an 

where 

d(PAc) 
ax 

dl 

I ' p«"% ♦   I   n 
s 

The continuity equation is expressed as 
t 

pg   U  Ac       '  Zn   ("j   'mi 

(111-15) 

(111-16) 

(111-17) 

Use  of  equations   CJH-KO   and(III-17)   in  equation   (111-15)   yields 

(111-18) dP 
^ "   "I" •- ).„(.,-.,  ^ ♦  .n [- ^ -   C-v, g]-  P ^c 

Thus  the  pressure  gradient  has   been  expressed  in  terms   of 
velocity   gradient.     However,   another  independent   linear 
relationship  between  du  and  dP  must  be   developed  so  that   dP 

JZ Ix      ' , Ix 
may be   computed without  iteration. 

The  following  equations  are  necessary   for  this   development. 

.     [rn(minrmlo 

[En(minj-m)lf 

- Tg0 L ^inii^l 
L        2Y   RT0   g    J 

P   M 

FT 

(111-19) 

(111-20) 

(111-21) 

g 

The analysis assumes the ability to evaluate properties of the 
combustion product gas (Tg0, M , Y * k t and w ) as functions 
of chamber pressure and mixture ratio and propellent properties 
(pa» k

a» 
pl •  Y» Cp£» *nd Cpa) as functions of temperature. 

Furthermore, the diffusion coefficients, 0, will have to be 
determined functions of mixture ratio, pressure, and tempera- 
ture. 
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After   considera.    c   algebra   involving   equations    (II 1-17,   19, 
20,  and  21)   and   their  derivatives,   an   independent   linear 
relationship  between   du and  dP   can  be   developed   in   the   form 

17 17 

du 
d7 

r ♦ G dP 
17 (111-22) 

where F and 
at any step 

G are functions of quantities which are known 
in the numerical integration (e.g., m,v,dm, dv 

37 17 
P,   u,---),   of  the   combustion product   gas   properties   and  of 
the  derivatives   of   those   properties   with   respect   to   local 
mixture   ratio,   ♦. 

If equation   (111-18)   is   considered  to  have   the   form 

du dP 
dx 

H   ♦  .1 
dx 

equations   (111-22   and   23)   result   in 

_     II   ♦   JF dP 
17 I    -   JG 

(111-23) 

(111-24) 

Thus,   equation   v.iII-24)   allows   dP   to be   computed  directly 
in  this   program. dx 

(2)   Physical   Properties   in   the   Vaporization   Mantle. 

(a)     The   NTO  System.     The  nitrogen   tetroxide   system 
exhibits   complex   changes  with  very  short   equilibrium   times 
(order   of microseconds).     The  system  exists   in   equilibrium 
in   the   following   form 

N204     t  2N02 *      2N0   *   02 

The  extent   of either  of  the   two   decomposition   reactions   is 
a   function  of the   system temperature  and  pressure.       The 
actual   function   is   not  well   defined by   thermodynamic   data 
because   N204   and   N02   exist   in  equilibrium   at   the  mixture 
critical point.     Thus   it   is   impossible   to   separately   determine 
cither's   critical   properties. 

For the   temperature  and pressure   ranges   to  be   considered   in 
ihis  work   it  was   possible   to postulate   an   approximate  physical 
model.      Utilizing   such  a model,   liquid  and  vapor  composition 
and thus  such properties  as   thermal  conductivity,  heat   capa- 
city,   and heat  of  vaporization   could  then   be   computed. 

As   shown  in   Figure     9,   the   entering   liquid  droplet   is   assumed 
t      )e  N2O4.       However,   as   the  N2O4  evaporates   it   goes   to 
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Liquid ^ 04   Droplet 

Diffusion 
Mantle 

Region of Decomposition 
N204 ^ä 2NO2 because of 

Steep Temperature 
Gradient 

NO2 Property 
Region 

/ 

The assumption making possible the inclusion of 
heat of reaction with heat of vaporization is 

6r  <10%of (R -r  ). 

FIGURE 9.  Nitrog«n-T«troxid« Droplet Vaporization Modal 
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approximately 50% NO,.  Then since the temperature gradient is 
very steep, (Figure 9) the vapor will be 100% NO2 before it 
crosses even 10% of the diffusion mantle.  The approximation 
that NO2 is the vaporizing species was thus made.  Using 
this approximation it was possible to account for chemical 
change by adding the heat of decomposition to the heat of 
vaporization for N2O4,  The vapor was assumed to consist of 
NO2 for the purpose of physical property calculation.  The 
second decomposition 2NO2 Z  2N0 * 02 was not considered in 
this approximate model. 

(b)  The MM1I System.  Monomethy Ihydrazine can 
support a decomposition front in the vapor mantle before 
undergoing oxidation.  The occurrence of such phenomena not 
only changes such properties as thermal conductivity, heat 
capacity, density and diffusivity but also necessitates 
postulation of a decomposition model.  A physically realistic 
model for va,orization with decomposition is discussed in 
the next section. 

b.   Decomposition Model (Two-flame Regime). 

(1)  Introduction.  The equations presented in 
Section 2.a., describe a complex two-phase gasdynamics 
system.  The vaporization description is one part of this 
coupled system.  This part was modified, so that steady- 
state combustion with vc, or phase decomposition of a 
thermally unstable fuel could be described. The modified 
combustion package was then incorporated into the system 
description. 

Dynamic Science Corporation (Ref. 12} has completed experi- 
ments which indicate that a single diffusion flame front 
model is not realistic for such monoprope 1 lant systems as 
hydrazine and monomethyIhydrazine.  As shown in Figures 10 
and 11, two flame fronts appear in the combustion of hydrazine 
and MMH in nitrogen tetroxide.  The presence of these two 
flame fronts has been observed, but the exact nature of 
these fronts has not been fully determined. 

This section reviews experimental and analytical studies 
of the MMH type system.  A realistic two flame model is 
postulated along with its required assumptions.  Equations 
are derived for this two flame decomposition-oxidation model 
and the method of solution is explained.  The results of this 
work are: 

i)Specification of a realistic steady-state 
vaporization model which includes vapor 
phase decomposition, 
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Note: The liquid 
drop is within the 
wire support. 

Hydrazine burning in still nitrogen 
tetroxide, at one atmosphere 

FIGURE   10. Photograph  of Exporiaontal  Burning  Drop 
Showing  Two  Flan«   Fronts   (Referenca   12) 
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Note:  The liquid 
drop is within the 
wire support. 

MMH Burning in still nitrogen 
tetroxide, at one atmosphere 

FIGURE   11. Photograph   of Experimental   Burning  Drop 
Showing  Two   Plane   Fronts   (Reference   12) 
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il) Development of the technique used to 
solve these equations. 

iii) Calculation of the spatial combustion pro- 
perties with vapor phase decomposition. 

The vaporization-diffusion model with a single stoichiometric 
diffusion flame front is shown in Figure 12b.  For bipropellant 
combustion the outside boundary of the vapor mantle determines 
the position of the stoichiometric diffusion flame front. 
However, monopropellants may support a decomposition front 
within this diffusion mantle.  The decomposition front is 
similar to a premixed gas flame front and cannot be analyzed 
as a diffusion flame.  When a decomposition front occurs 
within the fuel diffusion mantle of an oxidizer-rich propel- 
lent combustor, two flame fronts will appear.  The inside 
one is a decomposition front while the outer flame is an 
oxidizer diffusion flame front. 

The postulated physical model involves two regions: 

Region I, (Figure 12a) where the two-flame decomposition 
mechanism is rate controlling, and 

Region II, (Figure 12b} where the single-flame, laminar 
boundary-layer oxidation mechanism is rate controlling. 

The equations applicable to Regions I and II were used in 
specific calculations for the MMH-NTO system.  The calcu- 
lated burning rates for a distribution of MMH drops were 
determined and used to calculate the fraction combusted 
and the C* efficiency.  The C* efficiencies for several 
engines were finally compared with experimental values 
determined by Priem (Ref. 1). 

(2)  Equations and Calculations.  The existence of 
either region I or II depends upon the relative velocity 
between the liquid drop and the product gas.  Region II 
corresponds to a large relative velocity (and small boundary 
layer), while region I corresponds to a small relative 
velocity (and relatively stagnate conditions).  The applica- 
bility of the equations of either region are thus dependent 
upon the criterion that either the decomposition thickness is 
within the boundary layer, rt<B (region I), or the boundary 
layer is less than the decomposition thickness rt>B (region II). 
The equations, which allow calculation of r^ and B, were 
developed and used simultaneously to determine applicable 
regions. 
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Figure 12«. Decompüsitlon Front Within Diffusion Mantle, Regime I 

Laminar diffusion mantle of 
thickness B; where B depends 
upon Nusselt number correlation 

Finite decomposition 
gaseous front where 
r* is independent of 
Flow 

Diffusion flame front 
(oxidation) 

Figure 12*.  Laminar Diffusion Model when rt ^ B, Regime n 

Decomposition and 
diffusion flame front 
together when r^ B 

Note:  B decreases 
with velocity while rt 
is relatively independent 
of velocity 

Figure 12.   Two-Regime Model of Decomposition-Front Position, 
Adiabatic Oxidation Temperature the same in both cases. 
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Decowposition Equations (Region I) 

The theoretical decomposition-flame model of Tarife and 
Notario (Ref. 13) was extended to include the influence of 
adiabatic oxidation flame temperatures.  The equations 
applicable for small drops in this region are not derived 
here; but are presented from the literature (Ref. 12 ) so that 
different liquid properties may be substituted in the program. 

The decomposition film thickness is given in reference 13 as, 

rt       •     ^    r, (111-25) 
X* 

2 
And the  decomposition  evaporation rate constant   (in /$%c) t 

(defined by  K ■ HLJL]   iS   given   in  reference   13 bv, 
dt 

K ■   r2k
0     X« fIII-26) CP   pl 

where  X-    -    Jr. [im    ♦     x*] (111-27) 

. -5_   r^ce./ej) G 

and   6 

4/r    L^9- -   0oJl/2J    eXP  2(9.  -'e,,)    ^   r   (111-28) 

-i     (T   -   T.* ^_ ) (111-29) 
IT Cp 

6      ■  ea     for  T • T.  (adiabatic flame  temperature) 

9      ■  6,     for T ■  T,   (liquid   temperature) 

6      ■  9       for T •  0 o 
6,     -     CpE (111-30) 

^     ■     B     ^L    (»I  hC?)n (111-31) 

where  B  and n are  constants   of the reaction  velocity  equation 
(Ref.   13). 

Decomposition Parameters 

In  order to use the model  proposed,  the decomposition  thickness 
and the  evaporation  rate constant must be  calculated  and used 
as   input  to the program.  The decomposition-flame  film thickness 
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and the evaporation rate constant were determined for 
several adiabatic oxidation temperatures and are shown in 
Figures 13and 14for the MMIl-NTO system.  An adiabatic 
decomposition flame temperature for a monopropellant 
corresponds to Qm  ■ 1.0; while &m  •   1.S4 corresponds to an 
adiabatic oxidation flame temperature for the MMIl-NTO bi- 
propellant system.  The calculated curves of Figuresix and 
*4are thus extensions of the work of reference 13 to two 
flame front conditions. 

(3)  Calculation Procedure with Two-Flame Model. 
The decomposition thickness and evaporation rate curves 
of Figures 13andi4and burning rate curves similar, to 
Figure IS were used simultaneously to compute burning 
rates for the two regions.  The values for the single 
flame model are shown in dashed lines (Fin, 15) far comparison 

Burning rate curves similar to Figure is are computed by 
the following steps for each group. 

(a) Determine regions by the criteria, 

rt < B       region I 

rt > B       region II 

Where B is the boundary layer thickness shown in Figure is 
and rt is the decomposition film thickness shown in 
Figure 13 (B and rt are input to the program). 

(b) By this criteria the burning rate of 
Figure ISwas initially determined by the mechanism of 
region II. 

of region I. 
(c)  At rt ■ B, the mechanism shifted to that 

(d) The burning rate for region II was now deter- 
mined by the K shown in Figure 14 and the rate equation: 

3 -IlL     g_ fraction (111-32) 
2   3 inch 

0 
(e) At rt • B the mechanism shifted back to 

that of region II. 

(f)  If the drop had not yet reached its wet bulb 

temperature» while B >rt, the distance to do so was calculated 
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by   a  heat  balance  which   resulted  in   the   equation 

2*     qr   Or     k 

(g)     The   resulting burning   rate   curves,   shown 
in   Figure   18  arc   continually   integrated  by   the  program  to 
determine  the   cumulative   fraction   of  fuel   vaporized.     This 
curve   is   shown   in   Figure   16. 

(4)   Characteristic  Results   Using   Two-Flame  Model. 

Burning   Rates.     The  burning   rates   computed   for 
the   decomposition  model   are   substantially   higher  than  those 
computed using  the   single   flame   front  model. 

The  maximum burning   rates   under  either  the   single  or  double 
flame  models   are  essentially   the  same   (once  wet  bulb   tempera- 
ture   is   reached)   because   adiabatic  conditions   are  assumed  and 
the   same   amount   of   total   enthalpy   release   is   involved  in 
both  mechanisms. 

The zero relative velocity point has a less pronounced effect 
upon the burning rate because the decomposition flame now de- 
termines   the  minimum   rate   at  stagnation   conditions. 

C*  Efficiency,   nc*t     The  experimental  data 
shown   in  Figure ITwere  used by  Priem  and  iIeidmann(Ref.   1) 
to  compare experimental   and  calculated  hydrazine  efficiencies. 
This   comparison   for  a   large  number  of  propellent   combinations 
is   shown  in  Figure 18« 

The  hydrazine  fraction   vaporized,^ ,   (FigureU)   is   vaporiza- 
tion   rate  controlling  with  the  gaseous   oxygen   data  of  Fig.   i?.. 
Thus,   the   computed ,5^*  was   used with     e   -   1.0   for  gaseous   oxygen 
to   compute  the  efficiency   for hydrazine   -   COX  according  to  the 
formula 

(C*)      O/jf        WP 
(C*)      O/F »0 

(111-33) 

*7 *   ' 
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The efficiencies computed, using the two-flame model, are 
in good agreement with the experimental efficiencies as 
shown in Figure is. 

The two-flame, vapor decomposition model of droplet combus- 
tion in hydrazine type fuel systems allows accurate pre- 
diction of the droplet history in a combustion chamber. 
This information is necessary for both efficiency and 
instability calculations.  This model therefore, represents 
a significant advance in the state-of-the-art of analytical 
chamber design. 

3.   The Stability Drop Site 

The model used for the analysis of stability treats drop- 
lets as if they were all of a single size.  It is desirable to 
select a drop size which represents the vaporization properties 
cf the spray distribution as accurately as possible. 

The vaporizTTion rate of a spray made up of a finite number 
of drop size groups (as used in the steady-state combustion 
model) is given by 

w  -  I CiSiri (2 ♦ k^172 ♦l «^ (111-34) 

where 

a      2nMftDi P P 
ET; 

(111-35) 
i P-Pai 

♦i  ■   |u-v|l/2 (111-36) 

K   -  .6 /T Sc
1/3 (111-38) 

Combustion  instability  is  related  to  changes  in  w    caused 
by disturbances   In  the state of the  gas   (p,T)   and in  the 
relative  velocity  term,   +  .     If we preserve  ui.3«,   dw,and  du 

T*    Tp TT 
from a multigroup  representation  to a  single-group model,   the 
following equations   are  obtained: 
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Quantity 
Preserved Equation 

cfrsit(2»kr,1/24fcf)-   Ecirißl(2*kri 
1/%l Cj) (111-39) 

3u c.rst2U    *k  rJ^.C«,^   ♦  0,^)1 

- tcitiil ^    ♦  k  'l/2*l(q  if      ♦«!  ^ )1 (111-41) 

^                  c   r   r2   3ß   ♦   k   r1^2*   fr   Ü     ♦     ft     ii  11 

- I  Cirii'2 ||    ♦  kr^SiUj  |f *ßi  ff )1 (IH-42) 

In  equations   (111-41   and 42)   it  has  been  assumed  that   the  spray 
of only  one  propellant   is   controlling  the  stability   and  that 
ß  and  c   can  be  represented by   functions  which  are   linear in 
p  and T  so   that   the partial   derivatives  are   constants   determined 
from the  propellant  properties. 

Partial   solutions   to equations   (111-39  -   42)   can  be   obtained 
under certain  assumptions.     If we  assume  that  all  4  are   large, 
thr.t   dB  ■   36     "0 and,   as   a  result,   that   all   B{   are   equal,   we 

obtain 
3/2 

.       ttiH       Mi 
•  371  (111-43) 

E clri    Ci 

3/2 (111-44) 
Iciri    »i 

The  assumptions  made  to  arrive   at   equations   (111-43  and  44) 
are equivalent  to those  m*üe  by   Priem in  his   stability  model 
(Ref.    4)»   namely  that  changes  in  vaporization  rate   are 
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attributed only to changes in the Nusselt number and that 
the Nusselt number is much larger than 2. 

On the other hand, if interest is focused on regions of small 
velocity difference where stability criteria seem to be most 
critical, we seek a solution for small ^.  The results are 

ßs ililiii (111-45) 
Eciri 

l/2f    ^r*'
2 B.C. 

's  5s  ' —*-* — (111-46) 
Z   ciTi6i 

The quantity ot Pm/\'m  is much less sensitive to drop temperature 
than 8«  If the ^ are considered to be nearly equal, equation 
(111-46) can reduce to 

rl/2 ,  ICjrj^Si (1IN47) 

^i'i^i 

In the region between the injector and the point where drop 
velocity and gas velocity are equal, small drops are especially 
important for two reasons:  1) The absolute velocities of 
small drops are lower than those of larger drops, resulting 
in increased concentration, c, of small drops. 2) The small 
drops heat up faster and attain high vaporization rates due 
to high value of g which are quite sensitive to the large 
increases in vapor pressure which accompany the rise in drop 
temperature. 

This analysis and results from the steady-state combustion 
program indicate that combustion instability may be governed 
by the properties of the smaller  drops in a spray rather 
than by those of the drop of mass mean radius. 
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IV.  COMBUSTION INSTABILITY MODEL 

1.   Introduction. 

While there has been a great deal of research devoted 
to create linear models of the instability phenomena, little 
has been done on nonlinear models, in spite of the fact that 
combustion instability in liquid rocket engines is 2 nonlinear 
phenomena (Ref. 8 and 9).  The fundamental conservation equations 
i.e., mass, momentum, energy, and state will result in a non- 
linear model, by their very nature.  Because of the complexity 
of the solution of these nonlinear partial differential equa- 
tions, various authors, among then, Crocco (Ref. 14) and 
Priem (Ref. 1), have attempted to simplify them before solu- 
tion with various assumptions.  The conservation equations 
in their most general form consist of four independent variables 
(6, r, z, t), making a closed-form solution impractical.  With 
the advent of the high-speed digital computer and advanced 
numerical techniques, solving these equations becomes possible. 
However, solution with four independent variables is a para- 
mount task and would exceed the practical cost of computer 
runs.  Priem has solved these equations with two independent 
variables (6,t) with simplifying assumptions.  In this approach, 
functional dependencies are determined in every case from the 
basic equations for the phenomena, and simplifying assumptions 
are introduced that are considered reasonable in light of the 
combustion processes in a liquid rocket engine.  The models 
advanced by Dynamic Science Corporation, Crocco and Priem 
utilise the same theory derived from the fundamental conser- 
vation equations, but with different assumptions. 

Dynamic Science Corporation feels that combustion insta- 
bility in liquid rocket engines is a nonlinear phenomena, in 
that-  1) stability depends on the disturbance; 2) there is a 
limiting amplitude of oscillations; and 3) the wave forms 
become steep fronted or nonsinuisoidal.  In addition, the non- 
linear model enables the combustion process to be described 
from the basic equations of the phenomena without the intro- 
duction of "empirical" or "intuitive" constants. Linear models 
cannot relate engine parameters to threshold disturbance. 
Either a linear system is stable or unstable regardless of the 
disturbance.  Such linear models are derived from the nonlinear 
conservation equations by assuming that all variations are small. 
This assumption is necessary if a closed form solution is de- 
sired since mathematical techniques are not well developed for 
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solving   simultaneous   sets   of  nonlinear partial   differential 
equations. 

Dynamic Science  Corporation  model   is   based  on  the numeri- 
cal  solution  of  the   conservation  equations  with   mass-addition. 
The  mass-addition  or  combustion   rate  is   describ   d  by   a quasi- 
steady-state  expression   for  vaporization.     This   assumes   that 
all   the   combustion  processes,   i.e.,   atomization,   mixing,   and 
kinetics   are   rapid   compared  to   the  vaporization  process.     The 
quasi-steady-state   assumption  implies   that   the   droplet   spray 
instantly   responds   to   a  change   in  the   local  environmental 
conditions. 

2.        Theory. 

An annular section of a combustion chamber is chosen to 
predict the response of the spray to a disturbance.  The use 
of an annular section is dictated by the limitations of present 
computers as to storage and speed in producing useful results. 
An annular section enables the variations of the dependent 
variables in the tangential direction.  Such a model enables 
the description of a tangential disturbance propagated through- 
out the spray field.  As shown in Figure 1 the annular section 
has a very small length Az and thickness Ar. Physically this 
means that there are no gradients in the r and z direction 
in the annulus.  It is assumed that the steady-state combustion 
it uniform around the annulus.  However, the transient combus- 
tion rate is a function of the local environment and varies 
around the annulus.  The assumption that steady-state properties 
are not a function of 6, implies that the propellants are in- 
jected uniformly,at the injector face,at that particular radius 
of injection.  The annular model can be extended to injection 
profiles which are distributed across the injector face by use 
of the "nodal method" and a quasi two-dimensional steady-state 
model.  While the annular model is one-dimensional, in order to de- 
scribe the convective flow out of the annulus, the z derivatives 
are treated in a gross way by assuming that the dependent 
variables are constant through the annulus but the derivatives 
vary with time.  The model does not treat the z direction in a 
purely two-dimensional manner since the z derivatives are 
lumped in the 6 direction by an integration assuming mass, 
momentum, and energy is constant in the annulus as a function 
of time.  The derivation of the transport or field equations 
is similar to the method of Priem-Guentert (Ref. 1) and will 
be repeated here for completeness of the nonlinear model. 

The basic transport equations for two-phase flow have 
been developed by Bird, Stewart, and Lightfoot (Ref. 15): 
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Equation of Continuity 

ii 
at 

- v »pv ♦ u (IV-l) 

Equation  of Mowentum 

-*•* 3 
_-_   pf  «   -V'   ovv  -   7.   PJV^VJ    -   g   7P   -   7   •   T      CIV-2) 

Equation  of  Energy 

3 
Tt 

' ^" 7 *  P^ '  g7H 
7 '^ •  v)     (IV-3) 

After assuming the liquid velocity and temperature to be 
constant in the annulus and further manipulation of the equa- 
tions IV-1, 2, 3, we obtain the transport equations for two 
phase flow with mass addition. 

The conservation equations appear in the following form: 

Continuity 

-£.  - - 7. pv ♦ w (IV-4) 

Momentum 

Energy 

at - P (^ »7)^ - (v - vx)u>     g7P -7 • T   (IV-5) 

U  --pCy (v • 7)T ♦ X72T - J-  7. v 

(IV-6) 
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The   above  equations   can  be   nondimcns ionali zee'  by   means   of 
the   following   transforms: 

ta  /r 0'   an 
f 

an 

w'    ■   u>/u0 

P ' 

P' 

T'   ■  T r     /urta- 
an     o  o 

Tt   .   T/T 

o 

v«   ■   v/a 

Apply   the   transforms   to   the   continuity   equation 

9(   P'PO) V 

f£)   ■r" 
poa 

an a t« 
p«« 

in 
p'   V   ♦„.      («•) 

(IV-7) 

(IV-8) 

(IV-9) 

(IV-IO) 

CIV-11) 

(IV-12) 

(IV-13) 

(IV-14) 

(IV-15) 

(IV.16) 

»P« - -j 
i r     u iv•     4       an  o p' v 
V 

(1V-17) 

After  further manipulation  the  resulting  equations   are: 

Continuity 

Motion 

r     u an o 0)1 

Poa 
(IV.18) 

•Cv«   .vMv  -|gPc b'P« 

|Po*3 ran0r>ao 

•   .   ' 
|V T 

r    u anwo 
P   « o o 

(v1   -   v,)«»', (IV.19) 
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Energy 

3T -p«(v*   -v«)!'   ♦ 
r    pea an  o  v  o 

Vt2T.   . 
pc       | 

O   V   0   ll1 

•o" 
ranPocvTo«J 

•   :   y'v*   ♦ 

(^w;)(J; ■f,) 

u   r      i 

P    a       i 
0*0    • 

u 
v'o 

(IV-20) 

By  assuming  that   the  gas  is  perfect   and   flow  is   one-dimensional 
and isentropic: 

•o2  - « hTo (IV-21) 

CyP y, 
(IV-22) 

c 

C* 

P   M  T 

*     c   T wp 'o 

W y1-1) 

.    Ac 

PcA. 

Y / Y*l 

(IV-23) 

(IV-24) 

(IV-2S) 

(IV-26) 

(TV-27) 

CIV-28) 

(IV-29) 

then equations IV-lä, 19, and 20 can be reducted to 
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Continuity 

3p' 
A'   •p1^' U) an   o 

P0  »o 
(IV-30) 

Motion 

P'   fp" -   p'tf'    •   A')v'   -  IA'P« 

- (v* -v'. )   «'   i ranü)o 
po  ao 

poran8o 
.   .   T. 

(IV-31) 

Entrgy 

P' 
ai1 

p»(V1   •    A')!   ♦A • 2' 
or     a Ko »n  o 

|Y.I|P'A'    *   ^, 

-IY(Y-I) 
p  r     a o   an  o 

[Y.T'* iliiil   (v- T V)   ] 

r.n«o 
0—a"" o  'o 

(IV-32) 

Equations   (IV-33)   is   similar   to  Damkohler's   group  based 
on  the speed of sound.     It   can be   thought   of as   the   ratio of 
the   wave   time   around   the  annulus  at   the   speed  of sound  to  the 
combustion  time.     L   is  defined by  Priem  as   the   burning  rate 
parameter.     Equation   (IV-35)   is  similar   to  the   reciprocal  of 
a  Reynolds  number based on   the  speed of  sound.     J  is  defined 
the   viscous  dissipation  parameter  and  is   a measure  of the 
energy  lost by   viscous   forces.     By  substitution  of  Equations 
(IV-33)   and  (IV-35)   the   following   transport  equations  are 
obtained: 

as 

i 

^n^o 
poao 

ranm 
f(Y) (IV-33) 

poranao 

WC 

ranPc« 

uC*     Hy) 

(IV-34) 

(IV-35) 
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5    J 
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Continuity 

j-S-P    ^   .7 •   .p'v'   ♦  w'Lf (Y) 

Motion 

(iV.37) 

3v' i (^'    •v1)^'    -   -V'P'    -   Jf(Y) V*    *    t» 

^'    -   v'Jo.'LfCv) (IV-38) 

Energy 

-    |Y(Y-1)I Jf(Y)T'    :    (Vv')*Lf(Y)u.'       JY-T'*   il^iil   (v«    -v')2] 

(IV-39) 

Using   the   appropriate   cylindrical   coordinate  transforms 
outlined  in   Bird,   Stewart,   and   Lightfoot,   (Ref.    15),   equations 
(IV-37-39)   can  be   simplified  to   describe  an   annular  chamber 
section.      If  it   is   assumed   that   all  dependent  variables  and 
derivatives   of  dependent  variables  in   the  radial   direction 
arc   zero,   that  all   axial  dependent  variables  do  net  vary with 
angular position,   and   that   all  second   derivatives   in   the  axial 
direction   arc   zero,   the  following   transport   equations   result: 

Continuity 

dp i 

(^^) 
,    iP* 

Momentum (in the e-direction): 

. 3V'e     , '»'a 
at 

v'eu)'Lf(Y) 

ffr- vx I*; ^•Lf(Y) e ae 3z 
(IV.40) 

a P •          4 3 2 v ' o |P  ♦ Jf(Y) i   1 
^^ T Oo')2 

(IV-41) 
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Continuity; 
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3v' .     /* ao , / 
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Momentum: 
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Ideal   Gaf; 

3?' 3p 2n 3z 3z 
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T1  de«   ♦ 3T'    / TT-J p«  de' (IV-47) 

To   define   the  annular model   an  expression  for  the   mass 
addition   is   required.      In  a   liquid   rocket   engine   four  signi- 
ficant   processes   determine   the  mass   addition  or  combustion 
rate:   1)   atomization;   2)   vaporization;   3)  mixing;   and  4) 
kinetics.     It   has   been   shown   by  many  authors   that   for  a  well 
mixed  chamber  at   typical  pressures   and   temperatures  encountered 
in   a   liquid  rocket   engine  that  atomization,   mixing,   and   kinetics 
are  much   faster processes   than  vaporization.     Thus   it  may  be 
concluded  that   the   combustion   rate   can  be  assumed   to  be   con- 
trolled  by  vaporization.     Further   in   a well   mixed   and  atomized 
spray   the   combustion  rate   is   controlled  by   droplet   vaporization. 
Since high performance   liquid  rocket  engine   systems  are 
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controlled by droplet vaporization, the instability model 
describes the response of a vaporizing droplet spray. 
With the above description of the droplet combustion model 
shown in Figure IS, a vaporization rate equation may be 
derived. 

The vaporization rate equation may be derived analyti 
cally (Ref. 1) in terms 

D  M. 

R T M a   Pa (IV-48) 

However,   the   state-of-the-art   does   not   allow   for  analy- 
tical calculation   of the  flow  dependent   film  thickness,   B. 
Thus,   it  is   necessary  to  use   the   standard engineering   driving 
force equation  given by  Sherwood  and Pigford   (Ref.   16) : 

(k4irr2)   (o Pa) (IV-49) 

Ranz and Marshall (Ref. 11) determined the mass transfer 
coefficient, k, for vaporizing drops, in terms of the Nusselt 
number  for mass   transfer,  Nu   • 

In 

Nu. D   Ml 

R T 
with the  correlation 

NuB   -   2   ♦   0.6   (Sc)1/3(Re)1/2
( 

(IV-50) 

(IV-51) 

Substituting  equation   (IV-50)   into   (IV-49)   gives, 

:nr Li* 
R T 

Num     «Pa (IV-52) 

The   film  thickness   may  be  empirically  determined  from 
equations   (IV-48 and  52)   as 

2r 
I" Num    "2 m (IV-53) 

Substitution of (IV-51) into (IV-52) for a concentration of 
drops, Cdr gives. 

D M. 
"• Cdr"" Cdr2 r :L2£ aPa 2*o.6(Sc) ^(Re) i/2 

R T 
(IV-54) 
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FIGURE 19. Schematic diagram of heat transfer to vapor 
film and liquid drop. (Reference 1) 
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This empirical expression shows the dependence of the 
vaporization rate upon physical properties and upon flow 
parameters . 

Substituting for the Reynolds number, the vaporization 
rate equation takes the form: 

w   > CdrDM^d 

RT     2 

^da I 1/2    /2r    |V-Vjp\ 
—    pa |2*ü.öSC      I—I—rl 
r u 

1/2 

fIV-55) 

If the liquid temperature and vapor pressure do not 
vary with time, the following nondimensional vaporization 
rate is obtained; 

tt, m   «_ .2>0.6St.1/^2r [£^JjP£»j 
1/2 

"o  2*0.6Sc
1/3(2r|'vo.v1 lpo/Uo)

1/: 
(IV-56) 

Equation (IV-SO) may be written in terms of the Reynolds 
number of the drop based on the speed of sound (Hej). 

w 2.0.6Sc^
3(p')1/2|(Ve')2^Av')2|1/4Red

1/2 

2*0.bSc1/3 (4v')1/2 Re//2 
(IV-57) 

where 

Re, 2rPBaQ (IV-58) 

Before the nonlinear partial differential equations can 
be numerically integrated, the boundary conditions must be 
defined.  Since the response of the system is required, i.e., 
whether the system will amplify or attenuate, the conditions 
define an initial value problem.  The boundary condition or 
initial value is analogous to the disturbance induced in a 
rocket engine.  Presently, two types of disturbances arc 
imposed.  The first consists of an instaneous adiabatic 
pressure change at time t* ■ 0, given by 

r 
n   • 

1 ♦ A p siNe1 

,,(Y-l)/Y • (1 ♦ Ap SINO«) 

■ (1 ♦ Ap SINS«)(1/YJ 

(IV-59) 

(IV.60) 

(IV-61) 

(IV-62) 
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The second typ« of disturbance consists of sn irstantaii' 
eously imposed velocity coMponont in the l-dirocti^n. 

ve ■ Av SINS (IV-63) 

at constant pressure, tempersture» and density. 

The first type of disturbance is a pressure disturbance 
and corresponds to an ideal pulse gun disturbance.  It should 
be noteJ that it is possible to introduce any wave shape 
desired.  The second type of disturbance is a velocity change 
and corresponds to a standing or spinning transverse wave. 
Work done at Princeton (Ref. 17) shows that this typo of field 
is produced by a real puls« gun disturbance as well as a pres- 
sure gradient.  A third type disturbance which can b« intro- 
duced in a vortex or a constant tangential velocity disturbance. 
This type of wave most closely represents a gas flow disturbance. 
This nonlinear nodal which relates instability to th« diaturbanc« 
character is very flexible and can be used to determine th« 
effects of shape, amplitude and various combinations of prossur« 
and velocity disturbances. 

For times greater than t'«0, the pressure, the temperature, 
and the velocity at each position in the combustor or annulus 
are computed from Equations (IV-40) to (IV-47) and (IV-S7). 
From these results, stability limits can be computed as shown 
in Figure 6. 

The nonlinear differential equations are solved numeri- 
cally using a marching technique.  Th« computer program is 

P') 

outlined in Appendix II.  This numerical technique involves 
solving for derivatives in the direction of march (time 
direction) in terms of the dependent variables (P1, T', v*, 
and their derivatives.  Derivatives, with respect to other 
independent variables (6), are obtained from values of the 
dependent variables by a finite-difference scheme. Using the 
computed derivatives in th« t direction, values of the depen- 
dent variables may be computed for th« incremented time.  Th« 
process is repeated, and dependent variables ar« computed for 
successive values of time.  Initial conditions are introduced 
in the form of a disturbance at time ■ 0.  By analysing th« 
magnitude and rat« of growth or decay, stability can be deter- 
mined. 

Stability limit curves can be computed as a function of 
the significant instability parameters Av, L, and Red.  Re- 
sults of the calculation of the disturbance amplitude required 
to trigger instability show that the annulus is most stable 
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when tv  approaches infinity, Re^ approaches zero and 
L is less than 0.1 and greater than S.O.  Second order 
effects have been shown for the viscous-dissipation parameter, 
specific heat ratio and axial gas Mach number. 

Work is presently in progress at Dynamic Science 
Corporation to include the effects of droplet damping and 
drift terms.  Since the simplified model presented here 
requires the use of an instability drop average, development 
of a model based on polydispersed sprays and bipropellant 
droplet sprays is under development.  As the models become 
more complicated simplified nondimensional groups become 
harder to use, since the number of f-^nily curves required 
become prohibitive.  Work is in progress to integrate the 
steady-state model and the instability model directly so 
that stability zones for a given engine may be generated 
by computer. 
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APPENDIX   I 

Dynamic  Science Corporation Steady-State 

Spray  Combustion  Model  with Two  Fl?me   Fuel 

Burning  for MMH-NTO System Program. 
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APPLNDIX   I 

STEADY-STATL   PROGRAM 

1. Introduction. 

A   FORTRAN   IV   computer  program   has   been   written   which 
integrates   the   solution   of   the   simultaneous   first   order 
differential   equations   describing  steady-state   droplet 
vaporization  with   vapor   phase   decomposition.      The   equations 
involve   simultaneous   heat,   mass,   and  momentum   transfer  coupled 
with   varying   gas   dynamics.      The   equations   arc   solved  simul- 
taneously   at   distance   (x)   increments   along   the   axis   of  the 
chamber   for  each  of a   finite  number  of  drop   groups   describing 
the   spray   distribution   of   the   propellants.      Paragraph  2 
describes   the   required   input   data.      Paragraph   3,   describes 
the   program   logic,   important   variabler,   and   numerical   inte- 
gration   technique. A  program  listing   is   given   in   Paragraph 
4   and   the  solution  of  a   sample  problem  is   shown   in  Paragraph  5. 

2. Input   Data. 

The computer program as formulated is general in that any 
propellant combination whose burning can be described by the 
model can be analyzed providing that the thermodynamic pro- 
perties are available.  The input data to the program includes: 

(a) Propellant thermodynamic and physical properties. 

(b) Chamber geometry. 

(c) Injection parameters. 

Each   of   the   above  areas   will   be   discussed  separately.     The 
propellant  thermodynamic   and  physical propellants   required  are 
tabulated  in  Table   I.     These  properties   are   input   as   function 
subprograms   and  are   curve-fit   to yield  continuous   values. 
Table   I   also  shows   the   subprogram of  the   respective  properties. 
The   program   listing  shows   the  property  subprograms   as  used  in 
the   analysis  of  the  MM11-NTO  propellant  system. 

Chamber  geometry   is   input   in  two   function   subprograms 
A(x)   and AP(x).     Function   A(x)   describes   the   variation  of 
chamber  area with  distance   (x)   while  AP(x)   specifies   the 
derivative  of  the  chamber   area with   respect   to   distance   (x). 
These   functions   as   shown   in   the   listing   are   for  a   conical 
chamber   configuration. 

The   injection parameters   are  input   in   card   form.     The 
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TABLE I. PROPELLANT PROPERTIES 

NAME SYMBOL UNITS SUBROUTINE 

Liquid   Density pl #/in3 
RHO 

Liquid  Specific 
Heat 

C'l 
BTU/#-#F CPL 

Vapor Pressure PA #/in2 PVAP 

Vapor  Viscosity ^a #/in-sec VISCV 

Vapor  Specific 
Heat 

CPa 
BTU/t-'F CVAP 

Vapor  Thermal 
Conductivity 

*a BTU/sec-'F- 
In 

FKA 

Heat  of  Vaporiza- 
tion 

X BTU/# 

PRO JUCT  PROPERTIES                                                                 | 

Adiabatic    Flame 
Temperature 

T
g 

•R TGINT 

Viscosity,   Thermal 
Cond.   §  Specific 
Heat 

Ug,   kg,   Cp^ VKSGAS 

Diffusivity 0 In2/s«c DIFFU 
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input variables and format with their respective units are 
represented in Figures 20 and 21.  Specifying these parameters 
as card input easily permits parametric studies to be made 
for a particular propellant system and chamber configuration. 
Thus the effects of changing such conditions as initial drop 
temperature, injection velocity, 0/F ratio, and droplet 
distribution may conveniently be determined. 

3,   Program Nomenclature. 

The logical flow diagram of the steady-state program is 
shown in Figure 22.  The FORTRAN variable names describing 
the important parameters of the model are shown in 
(Program Nomenclature).  The equations solved at each calculation 
box of the flow diagram are described in Section III of the text. 

The program uses a second order Runge-Kutta integration 
technique which is described below. 

Say'    Ix ' f(x' y) 

and.    *£. £  *|- £ Un,yn). 

Then the slope of y(x) midway across the Ax incremert (a) is 
approximated by 

[&] -nt.^.y. if) 
a 

this gives 

'-'. ■ [&].    4 x 
'a 

and calculating y (x) 

a 
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Program Nomenclature* 

FORTRAN SYMBOL DESCRIPTION 

UTA 

AX from Fen A (X) 

AXMIN 

B 

CD(RE) from Fen CÜ(RE) 

Fen CPL 
Fen CVAP 
CPA from Fen CVAP 

CPB from Fen VKSGAS 

CPG from Fen VKSGAS 

CPAV 

DFU from Sub DIFFU 

FVAP2 

G 

XL from Fen XK 

A 

Ac 

At 

B 

C* 

D 

nc 

n 

F 

& 

i 

K 

k 

nozzle contraction ratio 

chamber cross-sectional area, 
function of x 

area of throat 

boundary layer film thickness 

characteristic exhaust 
velocify 

drag coefficient 

heat capacity 
-- of liquid 
-- of vapor 
-- of vapor at average mantle 

temperature 
-- of bulk products at average 

mantle temperature 
-- of bulk products at static 

temperature 
-- of mantle mixture 

molecular diffusion coefficient 

injector orifice diameter 

activation energy 

injected fuel fraction 

local fuel fraction vaporized 

acceleration of gravity 

momentum flux 

evaporation rate constant 

thermal conductivity 

'Fen means function subprogram 
Sub means subroutine 
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FORTRAN 
FCN FKA 

FKB fro«) Sub VKSGAS 

FKG from Sub VKSGAS 
FKAV 

EM 

RVAP 

WTML from Sub WTMINT 
WTMAV 
WTMOL (input) 

DN 

FNUH 

FNUM 

FVAP1 

P 

PA fron Fcn PVAP 

PR 

SUSPO 

SYMBOL DESCRIPTION 

RS 

1 

■ 

M 

NUf 

Nu, 

0 

e 

p 

P. 

Pr 

a 

r 

r ■ o 

-- oT vapor 
-- of vapor at avoragt lantlo 

ttrparature 
•- of bulk products at average 

■ant la taaparatura 
•• of bulk product! at static temp. 
•- of nantle mixture at av.temp. 
length 

■ass of drop 

vaporization rate of spray 
(fraction/in.) 

molecular weight of vapor 
•- of aantle mixture 
-- of propellent 

number of drops/see. in each 
drop size group or reduc- 
duction velocity constant 

Nusselt number, heat transfer 

Nusselt number, maas transfer 

injected oxidlzer fraction 

local oxidizer fraction vaporized 

static bulk gas pressure 

vapor pressure 

Prandtl number 

speed of sound 

heat of reaction 

heat arriving at drop surface 

drop radius 
1/m 

f tn rm/in *]    summation over 

all size groups 
when m • 2; area mean 

m ■ 3; volume mean 
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FORTRAN SYMBOL     DESCRIPTION 

R^ r^ radius Oi. mass median droplet 

r..w maximum droplet diameter max r 

RL from Fen RT rt distance from drop Surface 
to decomposition flame 

R R universal gas constant 

Re drop Reynolds number 
RE -- bulk gas properties 
REP -- mantle properties 
REN -- based on speed of sound 

SC Sc Schmidt number 

T temperature 
TG --static gas 
TL --liquid 
TBR --mean mantle temperature 
TSTG --stagnation 

TB from Fen TBL Tb boiling point temperature 

TWB 1* wet bulb temperature 

U u gas velocity 

VD V u - v 

ABSF of VD AV ju - v| 

V v drop velocity 

V(input) Vj liquid injection velocity 

W w vaporization rate of single 
drop (Ibm/sec) 

EMDOT (input) N flow rate (Ibm/sec) 

X defined by equations 27 %  28 

X x axial position (x-0 at 
injector) 

i defined  by  equation   (correction 
factor   for  mass   transfer) 
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FORTRAN 

RH fro« Fen RHO 
RHOG 
RHCAV 

GAN 

Fcn ALM 

VIS fro« Sub VKSGAS 
VISB 

VISAV 

SYMIOL 

a 

S 

P 

DESCRIPTION 

V. 

X 
V 

RAT 

v 

0 

dtflntd  by  tquation   (6) 

reaction  vtlocity  constant 

dtnslty 
••  of  liquid 
• -  of bulk ffti at  static  tamp. 
••   t>f nixtura  in  nantla  at 

avoraga taaparatura 
ratio of tpacific boats  of 

product gas 

efficiency based on  characteristic 
velocity 

heat  of vaporization 
viscosity 
--   of bulk products  at  static 

teaperature 
•-  of bulk products   at  average 

mantle  temperature 
--   of aantle  nix.at   aver.temp. 
kineaatic viscosity 

surface  tension 

aixture  ratio,    0/F 

SUBSCRIPTS 

vapor 

coabusted 

droplet 

fuel 

product gas 

at injector 

liquid 

oxidizer or stagnation 

particle 

vaporised 
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4.        PrQ£T»in   Listing 

PKOGKAW   yNn 

>w VYNAWIC   S*-I£NCL   LOKHUKMTIUIM 

>w iVu^    WALKLK AVL.'JUt 
L MuiNmuVlA, ^ ML i r JKIVJ 1 ^ 

v. I'll     -    JC? I ( M • v •     (L i i) 
k. oKLtN sUbVl^ 

COMMON   ÜR 
J J ML 1Mb It'i Mu(i3y).   oK(>^^»yu)»D<.i>X(/ ) »   .DCLI_Y.( J ) 
L- 1 MtNSl LMN L.UD ( 9 ) 

JliMtNäluN   TITLt ( 3V ) »TL (^G) f      VÜü)«      tMüüT ( 2 ) »KM« 2 ) »b* o<«:) • Y ( 3 ) • 
1 _ W T MuL ( ^ ) * HK ( <?) ♦ bC ( 2 ) ♦ Nbi: r ( 2 ) t F A ( ^ ) »DNT ( Ü ) «f K.M ( <:) » ^ Mn < j 
2 "        '""'   ACUN(2) " .KoS(2u) »tMSI 20 ) ♦tM(4JT»"Pc( «: ) , 

<+ Vi^ouf ( tfO ) »uV ( '♦ü ) »ui^l 40 ) »DT (4o r»DC.TÄ( 4u ) f Sr\ ( ^ ) ♦ jtr j ( i ) ♦ 
3 5VR(d)»ovr\Jtl^)»ouVK(^),Sü\/Kj^(^)_tDKl\(j)» 
ö Ki0(^)»Kju(2)»KVj<Li(i)»KDV5^i(^ rtKMtAi\((0 ) »i^Li^ i^ ) 
cuui\/ALLNLb(kMtMN»K L0 ) » ( KMtM\ ( j ) »k30 ) ♦ ( KMtAN ( ^ ) »KV.?^ I ) . 

i ' (RMtAM?) »RbV32i.) 
DIMtNSION   <^(2Ü) ♦XLNTR(20) ♦WtNTR(20) .TwbINT(20) »UtL/-(20) » 

1      DÜMITL(2L ) t DLMTK 207" 
ÜIMtNSIÜK1   VD10(2) ♦VL;JO(2)»VD321(2)»VD13 321(2) 
DT^rENSlüN   ww(2ü) 

C 
L 

DATA (R-16540. ) t ( TWÜPI »t»»2631öt>3) • (G = 3ä6.4)« (FTPl»4.1tid79ü2) 
IN   Lb^/MuLt   R IN/StC/btC 

"_V RtÄDl 5 »Ibl ( T i'TLt rnVi *11~397" 
lu   FORMAT(13A6) 

IF(tOFO) iP»16 
it>   bTuP 
16   WRlTfc(6»2o)(TITLt(1).I«1»3V) 

.2y.-f.^MAT(45Hlbi\7üu2    bTLAüY-SI.MTt    SPRAY   LUMöU.STlOiM   t«.uOt.L       / ( ih    IJMö 

R"hAD(i),30)P»RAT»GAM, (IL(I)t      V(I)       .£ML>OT ( I ) »Kh ( 1 ) o lo ( i ) . 
1 wTMQL (J.) ♦ MStT ( I ) t 1 =1 ♦ 2J  

30   F0RMAT(3FV.C/(6F9.C.14)) 
..W8i.TE.t6«40) (fcMOOT ( I ) »RM( I ) »^ioC I ) ♦WTMOU 1 ) . 1 -i»^ ) 

40   FORMAT(1H0 
J_JX__ &0H..MASb   FLU* RM_     S1.0      MOLc.   WT / 
i2H   O                         Fi3.2»          C12.3,         2F7.^                        / 
^^H   F F15.2. ^LLälx 2F7.2    )     

READ   (S>«41)       RATMN,RATMX.AXMlNtAXMAX»OFSTOC 
4.1   fJORMA.TJ-&-F.lO_.&J         . 

C 
C 
C 

Ü«0> 
Iö2=o  
JZ   =   1 

"x=ö^ " 
FA(1 )=0. 

■TÄT2T=T3".  
PHI=0. 
GAMlsGAM-l.  
üAM2=GAMl/2. 

""GÄ'M'3='GA"M27oAM" 
OAM4=GAM1/OAM 
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&AM5   «   ÜAM/GAM1 
ETMD^EWDÜT'f 1 r+EHI5ÖTI7)' 
THRD«l./3. 
IW   *   1  
KSW«1 

c 
c 

'I5ü"TülO"TiT;"?    
DNT(I)80.  
WCONd )=TWOPI»WTMÜL(I )/R 
N«NSET(I) 

TäUC'LöSN'RMTRMü") ;"sTGTrT«N»RSsr 
CALL MASSET(tMS.RHO(TL( I ).I)»RSSttMDUT(i) . N.DNS) 

'Ksrrnr'r-K+v  
N  *   N£ET(I) 
Uü  100  Jrl.N  
K«J+J-2+I 

TLT'K") «tXlTl 
V(   K    )«V(I) 

•CTr'irTfrHrrjT  
EMINT(IC)      =      EM(K) 
KSI   K   )»R5S{J)  
ÜN(    K   )»DNS(J) 
ÜNTrTfi'ßNTrfi'+Ci'NsTJT 

100   CONTINUE 

ONTT«DNT(l)+l>NT(iJ) 
 yV'iV  ■ 

DX = 6. 

GO   TO   106  
t  
C #*##«   END   INITIALIZATION   -   START   CALCULATION 
r 

c  
104   IF(X+DX-XT)105»i0ätV99 
iOS   IF(X-0.25)110»_110.107 
106 REÄD ( 5 • 50 TÖX-.XT. IP. IPlÖ'f 

50   FORMAT(2F9.q   .219) 
ISö'TÖ'YÖY 

107 OX » XDEL(RVAP)  
108 DX^ « DX/2. 

IF (DX)999.999.110 
'i'lö"P2'*P~*2~. 

P2R«P2/R 

C #»*»» OBTAIN STAGNATION TEMP.TSTU. AND trifc OtRlVATIVt U^ TLMP  
T     WITH RESPECT TO O/F. TGUO ~~ 

CALL TGINT (RAT.P.TbTG.TGOU) 

c #**#« OBTAIN MOLECULAR WEIGHT OF PRODUCTS AS FUNCTION  O/F 

c 
CALL WTMINT (RAT.P.wTML.WTMLDT) 

RG=R/WTML 
U2»U»U                  *• 

c 
c ««»«« CALCULATE STATIC TEMP. FROM TOTAL TtMP. AND GAMMA 



ro=TSTb*( 1.-üAMJ«U^/Kü/TST(J/ü) 
C 
c 
C »»»»»   CALCULATE   GAS   DEPfSTTY   ' "~ 

RHüG«P/KG/TCJ 

c 
L 

C »#»-#»   CALCULATL   VISCGSITV.   TritRiMAL   C jNJb'CT i V I T Y .   ANi/   5Pt:Li(-lC   ric,' 
C OF   oAS   AS   l-UNCTION   oF_P,    TG_»   Ü/F    

CÄL L ' VK, S JA b    ( R Al. PTTUTvTb VFKTTTCPG) 

Kho"VS"=kMOo/VlS*^. 
KHUTt=.373»KHüo 

C 
c 

c 
c *#»»* STAKT  UKOH VAPORIZATION  LÜUP 
c 

L 

12o   DO   2Ü0   I=lf2 
N=NSET(I) 
ENMPTl')=b. 

00   2 00   J=1»N' 
<=J+J-2+I 

■""<i3T§c"( K r'='ö 
c 
C *****   JEST   FOK   ZERO   MASS   ÜF   DROP   -   SKIP   IF   ZtRü 

IFtEM(lC))   __ 20Üt2uO»i3U 
" 1 3~JTbR = ( TG'+TCTrÜT/^ i' ' 

 ^CALL   VKStaAS   (kAT,p,TD_K,VISD»F<b.CPb) 

_C *****   ODTIAN   \ ApüKlZATlulN   PKtbbUKt    fPA>   AT   Ll^oiu   T CfjP. 11 L »_ 
PA=PVAP(TL(<)il) -        - 

 P.A2_P«_PA_/P.2  
"DPÄ~2P'=T."PA2P 
 C.PA.rCVA_Pj_IMRiJ_J  

RH = RHül TLK) .T) 
 RV = WTMOL( 1 )»P/K/TL(< )  

VD(K)=U-V(lO 
  _RS_(_KX=_(_tM ( < ) /F T P I / RM ) *»T HKD  
L 
C .*****_ R_E„=„RtYNOL_DS .Ny.MB.^R._OF   DROP   AT   G_AS._PROPt.RntS 

""RE*   ' ''Rs7Kl*RHÖVs*ÄD'sF'rVD"(<yr 
_C  

WTMAV   =   PA2P»WTM0L(I)    +   DPA2P»WTML 
 VJSA_V   =__VI_bC\/lJ_bR.J_)*PA2P_+   P_PA2_P*VfJ.Sb__ 

"FKÄv'=" PÄ^P^FKAlYbR'» I )  '+ "l5PA2"P*F"KB 
 RHÜAV _=   P*wTMA_V/K/J_oK 

CPAV'=''(PÄ"2P*wfMÜLTfT*c>A""+'DPT2"P»WTML*CP"B)7w 
 REP=   2»*RS(<)*RHUAV*AbSF(VÜ(<) )/VISMV  

PAIR   =   PA   /    2. 
CALL   DIFFU   I RAT»P»TbR»PA IP.I.DFU) 
DP'ÖT ='ÜFu*?/TbP 
PR(I)    =   CPAV»VISAV/F"KAV 

 SrTTT" ='"Vr5ÄV/^MUÄV"7ü"Fü 

 RTRE   =   SGRTF(RLP)  
FNUM   =   2.   +   0.6   »   SC(I)**THRD   *   RTRt   
FNUH   =   2.   +   0.6   *   PR(I)*»ThRD   *   RTRE .c  

C 69 



c 
c 
c   
T CHECK FOR tNTRANCt  TO ÜI^OCIATION LOOP 

GO TO (149.160)I 
16Ü b» 2. *RS(K)/(FNUH-^.) 

IF DIVIDE CHtCK 161*162 
i6T'B=T;r3ö"   
162   KL   =   RT(RSU) ) 
 IT   (B-RD   TWrTtJTTFi 'r 

ENTtR   DISSOCIATION   HLAMt   LOOP_ 
T6T'Tr"=K.Xu") 

^UISC(K)_= 1 
ij0"T0""rr6%'.T6"b)ViT 

164 ICK(K)=2  
CALCULATt AMU STOKt INITIAL uUANTITIEi ON IST CYcLt 
IF(X) 60_l»60i.6UÜ__ 

"6Ö'Ü"X£N'TR'U)' "="X 
WtNTR(K) _= wW(Ks) 
")fL'"="7K"fRSTK")T "   
 W = XL * TWOPI * RS<K) » RHÜ(TL(K)»I )  

Z7~^        W » CPA * RL / FKAV / 2. / TWOPI / RS(K) / RM<) 
GO TO 6Ü2__ 

'6ÖT'X"£N"firrk"f ='-".0"üT 
XL = XK(RS(K)) 
-iiji^TRTicrfVL»"T¥üFr-»"Si"r?:r""*"T7nüTTCT^T?Ti  

ZZ   =   WLNTK(^)   *   CHM   *  KL    '   hH.AV   /   2.    /   TwuPI   /   KbiK)    /   KMiO 

\ 

—6Ü2 nrernrmrj =—WTTTö  
_DELX(K)   =   V(K)*tM(<_)*CML[TL(<)_._I )♦( TWöINT(K)-TLlK)J_/_ 
1    Twcfpr'TRsTR'r'/'RHÖTtUfKTF".'!')"'/  56'2V"/XL' 
■ ÜUMITL(K) _=TLU) 
"irowfrrirr«" TüKI 

C MAIN   DlbSuliATION   I-LMML   LALCULATIUN   LOQP  
16b   XL   =   XMRSU) ) 

W _ =   XL   ♦   TWOPI   *   K;:>(^> _t_ RHu( TLIKI » I ) ._„.__ _.-,.___._.____„._.   „„„.„_„.„___._„„._„_„ >.„-_____..^.^. 

TWB_=   817.0 
C'        "T£'sf"~FÖR"~X   üRTÄTTR'"THÄN~'xrNTR   +'LTNGYH~fO~R"EÄ~CH''w¥f   bULb 
 XTRA   =   XENTR(K)   +   UCLXJK)  

IF    (    X-XTRA)166,167»i6/ 
166   CONTINUt:_ 

L~ ''IRTLRPUCAILYO't-i^u'\N<j''^iMu'Y^o   WhtN   X   L.Tn,   XCNTK" +   ULLX 

M     =   w£NT_R(<) _■*■( W   -wcNTkiK,))/   utLXdkJ   * (X-XhNTK (K ) ) 
T(iö'~v'iyüMiTLri<,) + (fÄö'-üUKrrTLiiC'j r/iJtrxT^T^Tx-xt'NrKöCj > " 
 UT(K)   =i TwrD-üUMTL(iC) )/üX2  

,ÜUMTL(K)    =   TWO 
0M(K)   =   -W   /V(K) 

"C BACK""!Ö'MA I N 
.'      BtT_Af<)    s_  W   /   Ri(K.)    /   »-NUM 

bü'füTbö                                                                   ■"" 
C CALCULATIONS   WHEN   X   OR.TM.   XfcNTR   +   UELX   
—16/ DMiK) = -w Tvm :  

OT ( K_)   "   (TWb-DUMTL (1^ ) ) /üX2 
ÖÜMTUrKF   =   fWB 
bETA_(K)   =_W_ /   R_S(K)    /   FNUM 
1SC"T0_T56 

c  , 
T 
C 
"c" 

70 

149   PMDP=0.99»P 



IMPA.üL.PMüP )        Ibü»       ib5 
15.'      TB-VtiCTPVl) 

ml T b.(6»20UU ) 
ZuOC FüRTTÄTTS inoIJTA FCTtTi'^r"NUJ^TDEK ' 150 ) 

K.1    =   0 
W i=-üM(K)#V(v) 

Wl    =   ABSI" (wl ) 

~ÜÜE"^rNÜH#F K AV*K S"( K )'VT WÜP1/CPA 
Cüc    =   AbSHCOL) 

IbZ     W=CÜb*LOuP (l.+CPA«(Tij-Tb)/(ALM(Tb.I )+8 • 7öt-l 0* I Wl/KRS )**^ ) ) 

WR = AbSF( (W-Wl)/W ) 
 XI   =   Kl   +   1  ' 

IF( K1.GT_.13) 154,lb3 
15'3   WT = "fw" +"Wl)7T."Ö' 

it- ( WR.LL.U.Ü^ ) 134» iot 

 üTK) =u»u  
TL(M = TD ~'  

DtT_A(<)_=   W   /   RSfK)    /   FNUM 
GcJ-To'"Hb 

155 CCNTlNJt 

 CALL   CÜMP   IRATtH.Y) 
PL( 1 )   =   O.ü 
üO   TO(3400.3410)ICSW 

34ÜU P£(l)    =   t.C 
TtTo PE(2)    =   ü.O 

bETA(K)   =   WCQN( I )»DPUT*L0(JF( (P-PL( I ) )/(P-PA) ) 

W=6tiTA(K)#RS(<)*FNUM 

IF(W)       190»      192f      192 
19U W   =   0. 

WRITE(6»205ü) 
2u5U   FÜRMAT(19H0W   NEG.    StT   Tu   ZERO) 

T 
C 
T 

ÜM(<)=Ü. 
'DTUIVT^üP I *?NUri"»rK.W*Tfö"TLr(;lT/E'^ ( KT/CPL (tluT» 1 ) / V ( M *KiT< »" 

GO   TO   156 

192   DM(K )=-W/V(<) 
Z=W«CPA/TWOPI/RS(K)/FNUH/FKAv 
EZ=E:XPF(Z)-1. 
Dll-=ALMITL(K),l)-CPA#(Ib-TL(<) WtZ+ö.78t-lö* (v^Rv/RbU r/T?s<^) )**2 
UT(K )=-DIF /CPL(TL<M»I)/EM(K)*iN/V(K) 

IF(DT(K)+100.)7711. 156*156 
TTmJTTKT"WITrC'.  

C 

_71 
TT6 CÜNTTWür  

DV(IO=RHOTE*VD(<)«ADSF(VL)(M )*CD<RE)/RH/V(K)/RS(<) 



ENMP( I )=ENMP( I )+DN(<)*ÜiM(K) 
wwr<T'»  W 

2ÜU CONTINUE  

C 
C 

KK = RÜ » T(j 
SOSPD = SÜRTF iAH   * oA^i * b) 
lF<U«GT«SUSPU)2ub»^iC 

205 XT = Ö.  
NP = Ü 

21ü AX = Ä()?y" 
PhiP = -(tNMP( i l + cMfiPC*;) ) 
FflT=rÄrir-frA(2) 
U = PHl/RhUÜ/MX 
 tMACHxU/SUbPD  

nr9i(TTtTTWWWWTWTWVWWWfWW**#nWW'fW' 

EMACH2   =   tMACH»»^ 
""UÖ""TÜ'"T2T0 »'2 20) ^5 A 

22<J KATP   =    (FA( 1 l/FAl.i ) »tNMP( ^)-fiMP( 1) )/FA(2 ) 
"IFrR'AT. GT ."RATMN. A/ML .RAT. L'TVRATMX "f" 'I2'SV~"I21 

ll<L RATP = 0. 
-z7Zf LUNI INUt  

bU   TÜ   240 

NP   =   IP 

">»»»###**# *'#"inr5rsT*- FTF¥TWT¥¥Twinnnnr?T¥¥TfTSTiTnrsT3TMr» ***** *# * * * ** * * * 

c 
c 
C~ 
c 

2'4"J"TF"lHP""-"_TPr25'(Ji'3Ö0»3Ö0 
c 
£ V* V*¥'#*'»V#*V ♦'**>*»«"***♦##*>*«**#♦ *V»V»V» »#*#*** 
C     

' 25u CONTINUE 
NP=NP+1 
X = X+ö'X2 

UO '26Ü i = i.^ 
FA(1)=tMuuT(1) 
N»NSET(I) 

UÜ 26Ö"J=1,N 
<=J+J-2+I 
IF ( EM(k. ) ) 2bC»^bO»25P 

- 

235 bMjKJ3t_M(K) + OX2*DiX(K>) 
'F"ÄTrT=FA ( J ) -üNI i< ) *tH ( k ) 
TL(K)«TL(<)+DX2*DT(K>) 
VIK r*v'( KT+DX2»DV( < )" 

IF(EM(K))ioufltiU.^ou 
leü"cMT<y="o. 

TL(K)=Ü. 
V(lC)Vö; 

 RS(IC)=0.  
VD(K)=0. 
UNT(I)=DNT(I)-ÜN(<) 72 
DN(K)=0. 

26U CONTINUE 



 KAr=rArn7FAm 
IFIRAT.LT.RATMN)       261»      lb<L 

•751 RAI   2   WXTm  
GO   TO        264 

262       ■XUNTIMUE 
IF(RAT.bT.RATMX )       263»      ^64 

763   "" "R7rr"*""RATMX 
264 CONTlNuc 

P2=P*2. 
P2R'=^27R— 

CALL   TolNT    (KAT»H»Tilü»Ibuü) 
 "CÄtU'WTPTr Kl' TRTf rrPTÄTi^UJWTMtCm' 

KljiK/'^IML  
U2=U*U 

■TG=T"S"Tir*riV-G'Af5rj«TJ27KC;7TSTG7"GT 
RHOG=P/RG/TG 

CALL   VKSoAS    (RATtP»TGtV Ib»FKGiCPO) 
RHÜVSxRHöü/Vli^^. 
KHOTt = .37b*KHO(o 

L 
SUMP=0 

■■soMp-s-v-cr;rr  
SUMPB = O.C 

• C 
WDSUM = CO 

- 
C 
li2u 

«♦♦«A**»»*«-***-*******«**»**-»*«*-*»««*»»*«»*»**««*»*»«-****«»»**«*«-»» ' 
Ü0i2ü0 1=1.^ 
N=NStT(1) 
tNMP(I)=0. 

C 
C 

DO12Ü0   Jsl.N 
< = J + J-2+I_ 
'KöTSCTK')' ="ö ' 
IF(EM(K))12Ü0»1200.il30 

130   TÖR=(TG+TL(K))/2. 
_CALL   V<SGAS__(RAT.P»TdR.VlSD,F<D.CP_ri) 

■pÄs"pVÄp"ffLTic')71 r~ 
PA2P=PA/P2 

"DPÄ2P='l .-'PÄiP 
CPA = CVAP(TbR«I )  
RH = RHO(TL(<)»I ) 

RV=WTMÜL(i)♦_P/R/TL(^) 
V5'( KT=U-v"('< )" ' 
RS_(K) = (EM(IC)/FTPl/R_H)«»ThRD_ 
"R£"=   RS( icT*RHüVS*AbSF"( VÜI K! )') 

WTMAV   =   PA2P*WTM0L(1)    +   DPA2P*WTML 
 VI5AV  =  V15CV(TBk,ll*PA2P  ■*-  l)PA2P»V15b 

FKAV   =   PA2P*FKA(TBR»I)   +   DPA2P*FKB 
■RFO^"=""P»WTMÄV?"R"7T6Tr  
CPAV   =    (PA2P»WTMÜL( I )»CPA   +   DPA2P»V»(TML*CPti )/V»TMAV 

"RTP=~"7?1FR3'rirr»"R'FfUAV»WB5FTVCrrK.T7yVT5'AV 
PAIR   =   PA   /   2. 

CALL  DJFFU   (RAT♦P.TBK.PAIP,I,DFU) 
DPOT   =   DFU»P/TBR 7,      . 
TWVTT'^TPl^WTlTSr^Xm  
SC(I)   =   VISAV/RHOAV/DFU 



RTRE = SQRTK<RLP) 
FNUM = 2.   +   Ü.6   »   SL ( 1 )«»T^kti   *   kTKt 
FNUH = 2.   +   0.6   ♦   PR(I»*»THRD   »   RTRc 

C 
(. 
L   

L CHtCK   FOR   bNTRANCt   Tu   ulSSOClATiüN   LOOP 
ijü   Tü   ( 114y» iibO) 1 

liöU   ü-   2«    »KS( Kv)/(>-NUh-^. )      

' IT' DIVIDE   LnTCKTl 1 b i 711 o 2 
1161 b   =   l.tiO 
1162 KL   =   RT(RS(<) I 

IF    (B-RL)    114y»il6j»llbj 
C hNTtR   DlSSüClAT TON   l-LAML   LOOP 

116 3 J_ I    =KK(K)   
""<DTS"C(<)    =   1 

bU   TO    ( 1164, lico) 1 1 
1164   ^K(Kr=2 

c CALCULATE   ANu   blukt    iixiiTiA-   uUANTITlti   oN    ibT   LYCLL 
IFVxT'6rr.6il.blO 

610 XENTR(K.)    =   X    
"WEfilTR ( K)    =   ^"W ( Kv) 
XL   »   XK(RS(K)) 

W' = "XL"*   fwöP I    *   K6"( < j    *  "Rtiu ("TL (iC ) , 1 j 
LI    =   WtNTRU)    *   CHA    »   Ki_   /    hKLAV   /   2»    /    TftuPI    /   K5(^)    /   KÜK.) 

üü "TÜ"?>"I2 
611 XbNTRCO    =   -«0U1       

XL    =   XlUKSUvT) 
^JtNTR(l<v)=XL*'   TWUPl    *    KOU)    *    KHü(TL{<)»I) 

"'ZZ "=" WENTR (>,)'*   CPA   *   KL   7'FK.ÄV   /   ^.    /   TWUPI    /   Kb(<)    /   RS(<) 
612 TWblNT(K)    =   817.0 

"DEUX TK)" =   V I K ) *tM ( < ) * CP L ( T L ( K T» I V» ( tWo I N r ( K.) - TL (K. ) ) / 
1 Jj!0P±-i.RbiK)    /R1"1^' TL ^. ) » 1 )    /    5b2.    /XL 
üüMTTLI KT =TL(JCT"' 
DJ.-iTL(<^=    TLIK.) 

L MAlN "Dl SSüCi AT IOi\   I-LAMt    LALCÜLAf: ON   L'J'wP 
1 165   XL   =   X<.(RS(K) 1 

M      ::    XL   *   T w OP I    *   RS(K.)    «    RhÜ(TL(K)iI) 
ZZ    = ^    »   CPA _*   K L    /__ ':KAv    /    2.    /    TftuP I    /    K_b ( K-)    /_ Ko ( <) 
TWb    =    Ö17.Ö 

L TEST   FUR   X   üKtATbK    InAu   ALMK   -   LtNOTM   Tu   KLMLH   ALT   aUL- 
XTRA    =    XENTKU)    +   L/LLX(K.) 

IF    (    X-XTRA)llbü.lib?»iib? 
1166 CONTINUE 

C_ INTERPOLATE   TO   FIN;.    AU   AND   Two   fthLN   X   L. Tn,    XtNTK   +   UüLX 
W      =   WENTR(k)   +(W'  -ALNTRIK) )/   DcL"X(K)    »Tx-XENTRÜ ) ) 
Ti^b   =   DUMITL (IO + ( TWD-pUMITL(_K.) )/DELX(<)* {X-XENTr< ( K) ) 
DT ( K )"='( Tir-D-DUMTL (K n-/D;<2      -Dt"(,<)/2. 
UUMTL(K)    =   TWb 
Di"] ( KT   =   -rt   / V'( K.")    -   DM ( K)/ 2»' 
UMC    =   -W   /   V(K) 

C dACK   TO  MAIN 
DCTA(<)    =   V,    /   RitK.)    /    FNuM 
GO TO 1156 

C     CALCULATIONS WHEN X OR.TH. XtNTK + uLLX 
1167 DM(<) = -w /V(<) -DM(<)/2. 

OMC = -w / V(<) 
DKKJ   =   lTwF-^j7m.(R) )/^A2   -UTliO/Z. 
DUMTL(K)   =   Twb ,. 
b£TA(K)    =   W   /   Rb(K)    /    HNUNI 
GO   TO   1156 



c 
c 

iik*   PM3P=0.V9*P 
ITTPÄVÜciPWUPTTITÖVTB'S 

113o        Td=TBL(P»I) 
 " "<r'z"ö            
 W1=-DM<<.><WU)  

tTi    =   Ab5F(w/1 ) 
RRS = RV*rtS(K)_»RS(K.) 
'(:D'e=TNÜH*T1CÄV*KSUT*TwuPT/CPÄ' 

COE   =   AB5F(CUE) 
"""IT57"'iS=XÜE^DlSrrr^rP7f»TTT?-TßT7TÄL^lTB71T^iT8F-TÖVri"I7RR"Sl"*»7T") 

WR = ABSF ( (W-Wl)/W)   
Kl   =   <1   +   1  
IF IKI_, G T , 15 ! 1_1 b U ,_1 l_b_3 

^Tl5T wT =   rw"+  wli/TTo 
_IF(WR.Lt.ü_.02) I_lb4,ili3^ 

"■ 175-4 uwr S~~WT /""VTK r "   
 DM(<)      =   PMC      -   DM(<)/2.  

DT(<)=O.Ü 
TL( K)_=T_b 

'B'£T"ÄTKr  =-"w'7'R"srKT"/"FN"ÜM" 
GO   TO    1156 .^  

1155 CONTINUE   
 CALL  CUMP   rRTTrTPTT)  

PE(1)   =   Y(5)   *  P 
  -—-prj7)~=--öv  

BETA(K)    =   WCÜN(I)*DPOT»LÜGr((P-Pt(1))/(P-PA)) 
 •i7=B"ETÄTrr«R"Sl"Kr*T'N-ü'W 

IF(W)    1190»    1192,    1192  
TWO W = C. 

DM(K)=ü. 

DT [K ) =_TWUP_I_»_FNUri*FKAV* ( Tü-T_L ( < M / ZM ' IC) /CPL ( TL ( K ) . I ) /V ( K ) *Hb{K ) 
"GÖ'TÖ" 'nSö 

C 
1192 DMC  =-w/V(K) 

_DM(K_)=DMC-DM(KJ_/2. 

EZ=EXPF{Z^jl. 
JITi"ALMTTL ("K") ♦ I r"cp"A*Tf G"-T'CTK") ) 71z+'sV?tTE-iö'*'("w/'K\/7Kb(k.) /KsYM j**7' 
DT(K)=-DIF /CPL(TL(<) »I)/EM(<)*W/V(IC)   -DT(K)/2»  

T  
IF(DT(ia+100.)7712»1156»1156 

■ TfrfotTK r« -' I'ööV """ '."" 
c .„     _______________ ^___________#_-_-^ _„_ j. ________ „_^_„_„________^_Y_____. ___^ ^ ^ - „ _-_____. 

1156 CONTINUE  
 UVZ =KHÜIt*VÜIKJ*ABSI-lVLMM ) »CÜ! RL )/HH/V ( K J/RSI K )  

DV(K)=DVC-DV(K)/2. 

£NMP( I )=ENMP( I )+DN(IC)*ÜMC 
 3QWp-™3UflP"_+"D^TXT"»'13H-C"""^"T\>TKT-Ü)"«"'ö5r 

SUMPA   =   SUMPA   +   DVC      »LM (IC) »DN ( K ) *DX  
    WWIK)   =   w  

C 75 
■~17üü TÖNTTNÜE  

Q *********************************** im*****^*********** ************ 



RR=RG*TG 
SDc.PD = SÜRTF(RR*bAM»b) 
IFTÜ. GT.TÜSPD 1120 51121 u 

IdOS   XT=0. 
NP = 0 

1210   AX=A(X) 
PHIP = -(£NMP( l)+t-.NMP(2) ) 

_ PHI=FA(1)+FA(2) 
U   =    PHI/RHOC/AX 
EMACH=U/SDSPD 
EMACh2   =   EMÄCH»*2 

RATP   =    (FA( 1 )/FA( 2 )*LNMP(<:)-tNMP( 1 ) )/l-A(2 ) 
TFiFTäT.CTVRATM?^• AISü.KA 1.L'T•K'ä'TMX )   i^24» 'i^^^ 

1222 RATP=0. 
1775 CÜNTTTTUT  

C 
Al    =   AX   -ÄP(X)    *   OX 
A2   =   AX 
ÄIÜÄ2"=   AI7Ä2 
PI   =   U   *   ENMP   *   DX   /    (ü*A2) 

 P2   =   -bUMP   7    lb*A71    
P3   =   -SUVlPA   /    (G»A2) 
p-4 ~=--RH"öS"»~Ü"*»;r#   (A1/Ä2"-   1.0")   /   b 

C 
 F-=—P"V"PT'"-r"P2""*' D3   +  P4 

Q   

 lF(<KKKK-10)'?8y!,vb^2,vBv2  
98^1  <K.<KK = KK;KI>;<+I 

"   "" "XrO'TÜ"TgS"3  
9b92   ^R.ITE(6f8Ü09)SüMP»SUMPA»P»PltP2tP3»PA-»   Rhü&»UtAl»A^tMiuA,: 
8 0017"TOTift-KJTlh'-VeFI 5 . ö /bF l b . o ) : 

<<<<<   =0 _   
'9893"  CONTINUE 

C 
'   X = X + DX2" 

C 
L;oi26ö" l='i.2 
FA( 1 )=LMDOT( I ) j 

 N = NSET(I)  
001260   Jsl.N 
<=J-HJ-'2 + I 
IF(EM(K))    1260.126: .1253 

12 5!)   EMU )=EM(K.) + ÜX*L)M(K,) 

FÄ1 I )=FM( 1 )-üN l<) *fcM( Ps,) 
TL(K)=TL(<)+DX*JT(\ ) 
v (K j = VTK") +DX *DVTKT 

IF(EM(K) ) 1180.1180.1260 
llöJ   EM(K)=0. 

Tru)=o. 
V(<)=0. 
RSIK )*Qi' 

DNT(UVÖNTri )-DN(K) 
Om K )=0.   _7(j 

i^6u   CONTINUE 

KAT=FA(1)/FA(2) 
IF(RAT.LT.RATMN)    1261.    i^6^ 



1261 RAT   «   KATMN 
 WTÜ—T7K " - "  " "    

1262 CONTINUE 
 lMKAT«bl.HA|MXI   1263*   ITW  

1263 RAT   «   RATMX 
"l-ZST* XÜNTTNUr  ' ■— 

GO   TO   104 
"T0Tr-TIp-«-TJ    "—   

C  
T ««»#»«»«tft««#»«««t«««f«ftt«ftft«fttft««#«#«««»««*##*#««*««###««#44«##^#— 

x  

RAN   =   SQRTF(AX/3.14159) 
 mr-v-ax-v-TrcmTT  

IF(RAT   -QFSTOC)      31.31.32 
 31   HLUMB   t   -bNMPll)   *   UWUHSIÜL  4-   IT)   /   hMU  

FCOMB   =   FA(1)   *   (1.   +   1./0FST0C)    /   LMD 
—ÜQ-TÜ~T3  

32 RCOMB   =   -ENMP(2)   ♦   (OFSTOC   +   1.)   /   LMD 
 FCÖHB «TATS) "TIT;VörSTöCT"7"EMD  
33 RLCOMB   =   RCOMB   *  RAN   /   ETA 
 CALCULATE TUTAL PKESSUKb  

PO = P*(TSTG/TG)»*&AM5 
TrtC«WHWiS"«5D5'PD"  
FVAP1=FA(l)/EMDOT(l) 

■■FV7fP7irÄiTr/EMDürr2T— 
FVAP=  PHI/EMO 
RVAP1=-ENMPI1)/EM[5ÖT<1) 
RVAP2»-CNMP(2)/EMDOT(2) 

'RVÄP = "PHIP/EMD 
DO   320   1=1.2 
SB^ftdjio;  
SBVR32(I)=0.  
SVR(I)=0. 
SVR32{n=0. 
SR(1)«0. 
SR3(I)=0. 
N»NSET(I) 
DO   320  J«1»N  
K«J+J-2'H 
IF(EM(K))320.320»310 

31U   ENR»ON(K)«RS(K) 
SR(I )«SR(n-*-ENR 
SR3( I )»SR3( I)+ENR»RS(K)*RStlC) 
ENVR«ENR/V(IC)  
3VR(I)«SVR(I)+ENVR i 
ENBYR«pETAtK>»^YR . 
S8VR C11»SBVR <11' ENBVR f 
R12«SQRTF(RS(IC))  
SVR32(I)«SVR32(I)+ENVR*R12 
SBVR32(I)«SBVR32(1)»ENBVR»R12 
VDöUHKI.VDJIiWSBSPD ""«— 

320 CONTINUE 
 lFtlBZyiPLOT»IPLOT-IB2)328.324>33fl 
324  AB(JZ)   ■  X 
 wrrjiTn * HAI  

0R(JZ*2)   -  FVAP2 
ownrm * FWFI — 
0R(J2»4|   •  PVAP •▼ 
0R(jz,5r ■ mm  
OR(JZ.Ö)   ■   RVAP1 

iu. 



ORUZ.T) = RVAP 
uR(J2fö) = LMACM 
UK(JZf49) = U 
 UKIJZ.80J = FCOMB  "" ~  

0R<JZi81) = RCQMÖ 
0R(J2,18) = P 
OR(JZ.28) = PO 
ORIJ2»38y = TG 
OR(JZ.48) = TSTG 
Jr___I__I  

32Ö IBZ = IBZ + 1 
"wRrfb(6,'3_3öTrfrfLtrrr»"r='iV397 

33u FORMAK lHl/( 1H__13A6)_) 
WßlTFf67^0Tx7U.TG^"TSTG".PVPÖ'»R"Ät"»TMA_CH 

34U   FQRMAT(3HÜX = F6.3«^H      U'FT.l^H      T = F4.0»4H   TÜ-F4.0 »<fH     P = F7.^»  
I 4H   PO=F7.2.6H     0/F=F7.3f7H      MACH=Fb,3) 

WRITE(6.350)FVAP1»FVAP2»FVAP 
3'5ü   FORMÄ'frZöH^VÄPÖR'rzEü   FRACTION " "'ü~F9V6V4H~"   FTsT.öVTh        oUYrit'vl't)~ 

WRI T £ ( 6 »360) RVAP 1 iRVAP2 »_RyAP 
3'6U  FÖRMÄ'f T26H~ VA'PÖRl ZÄ T lüN" KÄ"f 171N ÖF'^ . 6 *üh        FfT* 6 » 7H        oOthi-Vib )" 

N = NSET(1)  
WRITE(b.370) 

37u   FORMAT (70HÜOX_IÜlZtK_ÜROPS_      R(_MIL)    __MASS_{Lb)      VUN/StC)   U-V/A      TfcM 
IP" 'NUMBER   " ") 

00   380   J=1.N 
-<:=-J+-J-Y  
IF(EM(<) )371»371,37t>  

371   RPD   =   0.0 
VOOUT(IC)  = o.q 
GÖ"fO~Wf 

3 75  _RPD _=   DM(<_)/EM_INT(<_)_ 
3"7'f" F'RA_Cf'V"'f£MTN"T ('< )"-E'MTKT)"7EMrNt ("KT 

MNM   =   J   +   8 
ÜR(JZ-l.MNM)   =   RS(<.)     *   l.E+3 

MZM   =_ J   +   28 
bXrJZ-Y»MZM)''='A'BS'FrVDÜlJT'"lC")T 
MZN   *   J  +  49 

380   WRITE(6«39G)J*RS(K.)»EM(<)*V(K) »VDOUT(<) tTL(K,)fDN(K.)    »FRACT»KPü 
3 90   FORMAT(13X.I2»3PF9.4,0PE13.5   » F5c 0 . F9.4 .Fö.2 111 i . 3 »'♦X . 

1      E11.3.4X,E11.3) 
WRTf E Tfe»hÖOl 

400   FORMAT(12H0FUEL   DROPS      _) 
""~N=Ns~E"rm 

DO   410   J=1.N 

IF(EM(K) )': 01 .401,40b 
4U1   RPD'V'cT.'Ö"" 

VDOUT(K)   =   0.0 
'"GO "TüTÖT 

405   RPD   =   DM(<)/EMINT<<) 
40|7  FRACT  =   (EMINT(X)   -tM<K))   /EMINiT(<) 

■     MNM   =   J+18 
"'"öRTji-i'f'HHM)' =~RS{<T vr.E'-fy 

MZM   =   J   +   38 
üRTJ2^TrMZMT'"=   ÄBTFTvfcWrmT 
MZN   =   J  +     59 jm  
 UKUZ-l.MZNJ   =   ViO  
410   WRITE(6»391JJ»R6(K).EM(<)»V(K) »VDOUKK.) .TL(K) .DN(K»    . FRAGT tKPu» 

ixDTsrrx:y  
391   FORMAT(13X.12.3PF9.4,0Ptl3.5   » F5.0tF9.4,Fö.2»tl1.3.4X. 



1     E11.3.4X.hll.3,!i;>) 
'■I70"4TÖ"r=I.7    

KlCn )=SWII )/DNT( I ) 

KVJ21(I ) = ;i;VRi^( I )/SVR( 1 ) )*»2 
RöV"32I lT"r«rSnVRT2( IT/ToVWTnT«?    

4iu   CONTINUE 
rArL'TERP'iRiü.us.vTJüUTVNsET^vDrö')  '" 
CALL TERP (K30*K:-*VüuliT«NbtT »VD30)  
CALL TERP (XV3Zi«K^tvüuu1»NiET,VD32i) 
CALL TtRP (KdV3<ii«Ki.»VUOuT«Ni.tT»VL>D321) 
T?Tic*'»""rsKri) + "SK"TYrr/r'Ti;7\T''rrr"+" UNTT^TJ 
KT3Ü = ((SRi,(l) + iK3(2)) / (DNT(l) + L-NT (2 ) ) ) **ThKü 
RTV3Ti"»"rRV3-nTiT"T-R^T2Tr7rr"r"r."  
RTÜV321 = (RbV321Cl) + RMV3^1(2)) / 2. 
^u,I3U  =   <VLOUI i)*k3ü(l) +—\/D30(2)*RJüI2) )   /   (RiO(l)   +  RjöfZT)' 
VOTlw   =   (VD10( i)*RlÜ(l)      _+     vp_lÜ(2_)»RiO(_2) )_ _/   (Kl_Oji)   +   KiO(^)) 

"VOTlir'Z   tVüT2TTTT*KVliZTXTr~'+ "'■\7D3 2'lT2")*RV32"rT2') )' 7'TRV321 ( i )  + 
1     RV321(2J) 
VDTÖTZT'='" 17303 ZITlT»ir5\r5rn"ir"+"VÜDT2TTYTVRbVy2iT2Tr'?"" 

1    (KbV321( 1)   *   RöVJZUZ) )  
[3UH177T=T72 
KEM( I ) _=_ R10( I_)_ »   RcC 

■R'tisrrT+2) '=""f?3'üTTr"*""Rrc 
REN( 1+4) = RV321( I ) * REC 

 T?ETrrT+Fr"="T?D\737ITIT""«"-T7Er   
^+03 CONTINUE 

KcN(9i = RTTO * RtL 
REN( 10) = RT50 * REC 
'RtN ( llT * RfV'32T"• RtC"" 
R£N(12) = RTBV321 ♦ REC 
~dD 3"" V 8H f OT AL 
ÖD2 = 8HFUEL 
dOl = 8HOXIDIZER 
dRN(l) = RVAP1_« RAN / E_TA 
d'ffN(2 ) «""RVÄP2 '*"HAH'7~tTA  """'" 

_0R_N(3) =_RVAP_* RAN / ETA 
CIRTJZ~T»82T s R'ENT?") 
 üR(UZ-l»63)   -   R£N(B)  

0R(JZ-lt84)   =   RtN(12) 
_OR{ JZ_-1_.8_5)   =   RLCOMb 
0'RTÜZ-l,o6T'="BRN'(3T 

_OR( JZ-1.G_7)_ =   AÖSF ( VDB321 ( 2 n 
"cJRTJz"-T^6bl "=~KasP (vüa"J2"I'( IT) 
CR(JZ-lf89)   =   AdSF(VDTb321)   
 rrnr=T5^TTS7TTT37STT59  
7373 wRIT£(6t420) 

vRTtr'To t nTcTab'nui'G rrrvvB loTiTVRrN (f i »ffTöi i) • voao rnvstN (3r > • 
1   RV32K1) »yp52im<REAI(3> fRbV321(l) tVDD321 (1 ) .KtN( 7 )_ 
'wSl t£ < 6 • 43OTBDS tR10 ( ^) tVD 10(21 ♦ ft£N ( 2)*R30< 21 #VD30 (2) t RfcN ÜT• 
i   KV321(2)tVD321{2)»KtNj6)fRbV321(2)•VDb32I(2)»KtN(fa) 
 WRlTtl6.43C) öj3.WTlüAuTlü,HtKi(9).RT3Ö.VDT3Ö.^ENi(lÖ),KT\/32i.  

1   V0T32i»RtN(11)»RTbV32l.VüTü321.REN(12} 
42Ü TöTTMXTTIfTü7157^6HTTTWIL^'^TX74RT)Erv"";yxV3H^rü    T 
430_ FORMAT (lHC;»A6/( 14X . 3_PFfa.4 t OFF 12.4»0PF12.4/) ) 

~wSTTrT6" »^^"fl'bRTNlTT"» Nltil 
44u   FORMAT( lHÜ»13Xt23HBURNlN(3   RATE   PARAMETERS     /14X'6H0XIDIZER      t 
 1  I-"11.2,4HFüEL—.  ril.J.ShTÖTAL   .Fll.2)  

WRITE   (6.441)   RCOM3,RLCuMB.FCü_MB __   
■""47I"TöirFÄ"TTlHü7rrHrjM¥üyTTü^~ft'MTt~iT9"i61$X.IOMUURB.  PAHAMtTtk TFlTiVt 
 1   5X»14HFRACTION   COM ö .   . F_9 ._6 )  

79 



55 

"TW 

WRITfc(6.55)DX»GAM 
TORMAK18H0INTEGRATIÜN 
00 TO 250 

STtP = F7.4»5H INCH5X6HCiAMMA«F5«^) 

dCDYll) = ÖHÖ/P 
JZ = JZ-1 
KZ = AB("JZr"+ 2.0 
UPA = <Z 

XUU'= "ÜPÄ" 
UPAM = UPA - 1.0 

WATT 

990 

991 

DO 990 I = 1»JZ 
K = I 
I Kl"ABU")"-"iVÖ") "99Ö»"99ÖV'9'91 
CONTINUE 

< = IC + 1 
M = < - 1 
DO  993 I 
AB(I ) = 

= l.M  
AE( I 1*3.5 993 1.0 

"9 94' irrJz"~"K')    9'9bi"99'bV 
994    DO 995 I = K , JZ 

■■99"5"''"AB"[TT"='TÄl57Tr-lVÖT/ÜPA-R*3T5'""+"4;"5" 
996   dCDY(2) = 8H0 OF CUM 

"STDTTTT = bHb. oA5L5 
ÖCDXd) = öriDISTAMCL 

""srDirrrr'="'bH"_TNr"T^CH  
ÖCDX(3) = ÖHES 

-n>~£"mrrm  
UQ = ID ^ 1  
CALL GRÄPH( Ab»u,i( if 1) »xuu.uü .öCDX.BCUY, JZ , l) 

DCDY(l) = 8MFRACT1UN 
" DCüYT2T"="-B-H"\7A-PöT< IT  
dCDY(3) = 8HED 

'""ßrDyr4"r"=_"ffH TuEr     
BCDX(5)   =   SHOXIDIZhR 
dCDX(6)    =   8H   TpTAL 

BCDXC 7)   =   SHCOMöUST 
CALL  GRAPH(Ab»   OR(1»2 
CALL   GRAPH(Ab»   OK(1»3 

C'ÄLL"GR"Äp'rirÄDVÖR"rf»_"4T 
CALL GRAPh(Ad»ü«{1»Ö0) 

)»-XUU»-l.ü» DCÜX» DCUIT» j£f 
) »-xuuf-i-jj» DCOX» oc^y» jz» 
»-Xüü»-1.0.öCÜ'XtDCDr » JZ» -J 
»+XUUi-l.ü»bCJX»DCUY, JZ» -4 

i ) 

aCDV(l) = 6HVAPÖR12A 
ÖC[;Y(2) = 6HTI0N RAT 

831 

dCDY(3) = 8HE 
UO = 0.0 

UO = MAXKJÜ 
JZ 
0R( 1.5)» UR(i »6)» OR(I»7)) 

Du = 
CALL 

'CÄLL 
CALL 

UO + 1.0 
GRAPH(Ab» 0R(1»5 

CALL 
BCDY 
BCDY 

)_»-XüU»-UO ♦ bCDX» bCUY» JZ» 
rV-XÜOV-TJÖ' » "bCDX'» BCDY» JZ» 
.jXUU,-UO »BCDX»dCDV, JZ» -3 

GR"ÄPHrÄBVÖR7Tr8l')7+'xÜÜV-UÖ"7B'CDx'. B'CDV » JZ . -4 

GRAPH(AB» 0R(1»6 
GRAPH(AB»0R(1» 7) 

+ 1 ) 
-'2) 
) 
) 

(1) 8HGAS MACH 
(21- ■•* BH NUMBER 

dCDY(ä) =;,,8H 
CALL 
dCDY 

'ä'CÖY 
BCDY 

GRAPM(Ab. 0R(1»Ö)» XUU» 1.0» bCDX» bCUY» JZ» ii 
(1) = BHOXlDlZtR 
(2) = 8H iDROP RA 
13)    = 8Ht» (MILS) 

1C0U 

WZ 
KZ 

DÖ'T 
uo = 

o.e. ^ 
= NStT(l) + 8 80 
000 I = l.JZ 
MAX1F(U0»UR(I»KZ ) ) 



-J 
00   1015   I   =   ItJZ 

■rJiT"üRrrv9üT"^"öR"n747i  
 MZN = UO  

uo = RZTT-n 
NMN = NSET(1) - 2 

rALL'oR'Äp'rrrADTö'^Tr^Ti-'xijüvoD'   »"B'CDxTöCtJYVjr.+Tr 
DO 1U2C 1=1» NMN 

^7;__„r_.„9r    

IQiO   CALL GKAPH(Mb.OK(l»NZ).-XUU.UO  .BCUX.bCDY.JZ»-2) 
 CALL GKAPhlAo.Grill,KZ).+XUU,ÜÜ—.BCDk.BCDY. JZ,-3 ) 

bCDY(1) = 8h FULL DR 

ÖCDYO)    =   8HMILS) 
""OD""V-ü-.-C"  

KZ   =   NSET(2)   +   16 
uu iu5u i = rm  

lU5o     UO   =   MAX1F(U0»0R(I»KZ)) 
WZKZTJÜ  
UO   =   MZN+1 
 NMiq—S-TI-jETTZr"-"?  

CALL   GRAPh(AB.OR(1.19)»-XUUtUO      .BCDXtÜCDY,JZ»+1) 
 cju rrrro—r-g—n NWN  

NZ = I + 19 
■I-jrj-rALT~GTrÄFHl-AD'fOI7TT;'N-ZT?-'7UU".ljD"—»"BÜDX » BC JYVJ2r»-TT 

CALL GRAPH(MB,OR(1,KZ).+XUU,UO  .BCDX,bCDY,JZ.-3) 
 Nwr-^-N-sErrrr  

6CDY(1)    =   SriOXlDIZER 
 DCUYI2)   =   Hh  HtL.   MA  

H 
B_CDY (3)   =   8hCH   NO. 
""NMT"=""Ns"ET"riT""""2" 

KZ   =   NSETI1)   +   28 
U"ö~~="ö7ü 

DO   1075   I   =   1,   JZ 
1U75        UO   =   MAXI    (UO,   100.»ÜR(I.KZ) ) 

UO   =   (UO   +   2.0)/100. 
CALL* GRAPHl7B7Öl?ri72'r)~rXirÜTÜ5~BCDXrBCl)Y."j2'r""r) 

DO   1_080     j   =   1.   NM1 
Nr' = 'T'V'29 

Iü8ü     CALL   QRAPHIAB.   OR(1.NZ).-XUU»UO.BCDX.bCDY.JZ»   -2) 
CALL   GRAPH(Ab.   JRd.KZ).   XUU.UÜ.dCDX .öCDY . JZ »   -J ) 

ÖCDY( 1)_ =   8H     FUtL _ _ ._-„__--_ s-_-.-_----_:--   . 

KZ2   =   NSET(2)   T   38 ___.„-„___ 

 DO   1085   I   =   ].   JZ  
Tu33        CTÜ-S     MAXKUO.   1CO.»OR( I »KZ2) ) 

UO   =    (UO   +   2.0)/100. 
p^j^L ^^^^j-j-yg, "oirrrrrr)%-xuü tüo7~5tox7ßc5Y # JZ t D 
DO 1086 I = 1.NM2 
NZ""V"T"V"39 . 

1086  CALL GRAPH(AB»0R(l.NZ).-XUU»UG»BCDXtBCDY»JZt-2) 
 CALL GRAPH(AB.0R(1.KZ2)tXUU.U0tBeDX,BCDV.JZ»>3)— 

KZ = NSET(l) + 49 
dCDYd) ■ BHOXlDTTETr 
BCDY(2) = 8ri DROP VE 
¥ayrr3T-v-FHi—in?TEr- 
BCDX(4) « 8H GAS VEL 
Du 677 I = 1. 9  
KK = I + 49 
 Dö WJ'i'Ti'JZ' 
K = J 

JU. 



IFtORUiKKJ )    676.   677.   676 
o7ö     CONTINUE 

K   -   K   +   I 
677 LÜHil)   i   K   -   i  

UO   =   0.0 
DO   1088   I   =   1.J2 " "  

iJÖÖ      UÜ   =   MAX1F(U0.ÜR(I.^9)) 
NZZ   =  UO/1000.   +   1.0  "" 
UÜ   =   NZZ   *   1000 

MNM  =  NStI (1)"~^~1  
CALL   GRAPH(ABtüR(l»49)»-XUU»-UOidCUX»oCDYfJZi   i) 

■0ö"rö!r9'"r"="r._WN« 
NZ   =   I   +  ^9 

1^"^"TÖB7T1  
1U89     CALL  GRAPH(AB»ÜR(i.NZ;.-XUU.UO.BCDX.BCDY»«.   -2) 
 KK  =  LÜ5I9)  

CALL   GRAPH(AB»OR( l.KZ).XUU.UO»BCDX.bCOY»KlC.   -3) 
•"■DrDY"rrr"="ffFi"""TüTi"L"  

00   687   !   =   1.   9 
-^lC"V-r"+~59  

DO   686   J   -    l.JZ 
K   =  J                                                                                                                     ,....-.,- 

IF(OR(J.KK))    686.   687.   686 
686 

--"58 7 

CONTINUE 
K   =   K   +   1 
- uoFrTr"=x----T ■  

NMN   =   NSET(2)   -1 
KZ   =   NSET(2)   +     59 

CALL   GRAPH(AB»OR(1.90).-XUU.-UO.aCDX.   BCOY.JZ.   1) 

  

1091 

DO  1091   1   =   l.NMN 
NZ   =   I   +     ^9 

CALL   GRAPH(AB.0R(1»NZ).-XUU»   UÜ.BCüX.öCDY.KK,-2) 
KK   =   L0B(9) 
CALL   GRAPH(AB.ÜR(1.KZ)»XUU.U0.   BCDX»BCDY.KK.   -3) 

d"CÜ"Y(I)   =   8H   DR'OP   Rt" 
6CDY(2I   =   ShYNOLDS   N 
DCDYO)   =   SHUMbcR 

BCDX(4)      =   SHOXlDIZtR 
nCDX(5)      =   dH      FUEL 

JO   =   0.0 

1110 

656 

00   1110   I   =   l.JZ 
UO   =   MAXKUO.ORd .82) .ÜR(I.83) .0R(I,84)) 

"""rrfUö""-"rö"(jövr"6'5-6V"6'56r'65-r  
UO   =   1000. 

657 
GO   TO  658 
NZZ   =   UO/1000. 

658 
do = (Nzz + n*rdoo 

CALL   GRAPH   (AB.OR(1.82).-XUU.-UO.BCÜX.BCDY,JZ.   1) 
'CÄUL'"C^ÄP_h"rÄ"B';üR riTäY) V-xüL7-TJüVb"Cüx" ^ö"CIJ"Y"»"JZ7-7T 
CALL   GRAPH   (Aß.OR(1»84)»+XUU»-UÜ.BCOX»bCDY»JZ»-3) 

 __.* 

BCDY(l)   =  8HBURNI1NG 
BCDY(_2)   =_8HRATE   PAP 

■ffCITf"(3T"V FHäMETET?" 
BCDX(4) = 8HCOMBUST 

""BrDXTTr"="^FTÖTÄl"  
UO = 0.0 _. 
TO 1121 I = l.JZ **■ 

1121   UÜ = MAXI (Uü»10.*OR(i»85). 10.»OR(1.86) ) 
 irTUÖ'"--"IÜ"."y"871V"B-2Tr"S27 "  
821  UO = (UO + 1.0)/10. 



GO   TO  824 
¥27—yo""=""rürr+'TDvr/iu;  "'" 
c24     CALL   GRAPHUb»   üR(l»8S>)i   -XUU.   -00»   dCüX»   bCOY»   JZ»   i) 
 ^.ALL   GKAPH   (ALJ>ük(l*bfc)»4-XUU»"UUtb{.ÜX»bLUV»JZf-21 ~ 

UCDY(I)   =   oHSTAdlLIT 
■FCÜ"fr2r_="-BhY"_Dl?ÖTy"tJ- 
bCDYO)   =   drlELTA   V 

•Fcrwr^r'a-gH'Tcnrc  
ÖCÖX(5) = 8H0XIDIZER 
—Ü0 = 0.Ü  
DO 1131 I = 1»JZ 

7T5T"--u-c"=-^^r-7iJ0TixrDv»TJRTrv8Trvrüü;"*oT?TT;¥öT;Töü;:»"GK-rr.'ö"<?iT 
UO = (Ü0 + 2.0)/100. 

 rALT"G]rÄW-TÄB".'aRTr,-8TTV-'5roir?-Tiü"fB"CD7^"ffCÜ?V3rr'IT  
CALL GRAPH (ABiOR(1.86) ♦-XUU»-U0»BCDX»bCDY.JZ.-2) 

'TJm'H IAb.UR(l,8y)»+XUU,-UÜ,BCl)X.BCDY,JZ.-3)  
öCDY(l) = 8HCHAMB£R 

BCDY(3) = 8H 
"B-CUXT^yS-FHSTAT-FRV 
BCDX(5) = 8nT0T. PR. 
UU = Ü.U  
DO 801 I = l.JZ 

"7öT"Uö"=~M7rx"rrüü"röRTTT!'H'TTöTrrT72"ff'j~r 
NZZ = UO/100. +1.0 

 TJCTsrHTZTflxn  
CALL GRAPHIAB» 0R(1»18)» -XUU» -UO» BCDX» BCDY» JZ» 1) 

CALL GRAPH«Ad»OR ( ITTF) »XUU»-UO»BCDX.BCUY»JZ♦-2) 
ÖCDY(2) = 8HTEMPERAT 
"SHTVO) * 8'HURE" 
BCDX(4) = 8HSTAT_T. 
ocox(5) » SHTOTV f• "■ 
UO = 0.0 
DO 802 I = 1»JZ 

802 UO = MAX1(U(J»0K(I »38) »UR(I »46) ) 
my '«""uS/ioffo. + T.d 
UO = NZZ#1000 ^Ä„-_.-^_Ä„-___._-_„.___-_„____„_„_„_„ 

CALL GRAPH (AB»0R(1»48)» XUU»-UO»BCDX»BCDY,JZ»-2) 
 END FILE 17  

GO TO 5 
 TNIT  

AL 

V 



SUBROUTINE  GRAPH(AbS»üKD»UPA»UPOtbCÜX.bCUY.NP»   NO 
DlMENSfÖN'AETSVöÖC ) V"ORD( 15Ü )'V'BCDXr7 )V" tJCDY ( 3 ) ♦   0 ('400 ) 

 OATA   (JZ»Ü)  
UNIT   17   UStD   FOR   PLOTTED   OUTPUT      /INCLUDE   CONTROL   CARD   ErJUlH,i ?-PL 

IFIJZ)   9,6,9 
ö   CÄLL'PZbyiTGiz'U i if)     

JZ   =   1 
■■■"■5,CÄi:r"'"rFrcöWTNG'"iJÄTÄ'""""   

9 NPT   =   NP  
NCT * XABSF(NC) 
APA  s_ABSF(UPA) 
'ÄP'Ö~"V  ABSFTUPO) 

13  DO 14  I = liNPT 
"iv "öwrrrrr""«"'Äg5rröTfDTi r7üPö*9".oT'+'"ör5 

IF(NC)   71»   3t   3  
COMPUTE   SUBÜIVISIÜNix  FÜW   ORDlNATk:   LAßtL      LAYOUT   OftD   LAbtLb 

3     IF(APO  -   10.)   124,   124,   22 

DO   125   I   =   1.3 
 -fl-...r„_-r  

IF(APO  -   1.0/10.0**N)   125,   125,9126 
-TZ5 LONTINuc  
9126       YB   =   1.0/10.0**N 
 yiZ--=-ja""Tl  

IF(APO   -   3.0/10.**N)   134,   134,   135 
--T34-—-rB"="TB72VÖ"  

135 YZ   =   9.C/AP0»YB  
YZ   =   9,0/APO*YB 

GO   TO   25 
—27'MZ~"2 

IFCAPO   -   20.)   24_,   24,   23 
2T rr('A"pö"""röö'or)' HöTUTIT 

126       YB   =   100. 
IF{APO  -   300.)   142,   142,   143 

142     YB   =   YB/2.0 
T43"""YZ"='"9Vo7Ä"PO*YB" 

GO   TO   25 
26    "YB   =   2C0'. 

YZ   =   1.8 
GO   TO   25 

27        IFUPO   -   2000.)   28,   28,   29 
T8""Y"B"i"'5ÖO, " 

YZ   =   2.25 
QÖ"fÖ"25 

29 YB  =   1000. 
YZ   =   9.0/APO*1000. 

GO   TO   25 
T4"     YZ"="9";c"/APÖ" 

Yd   =   1.0 
'2T""XLA"V"cr,0" 

XAB   =   1.0 
X   *  XTfB  -   .07 

41     CALL   NUMBER(_X,_0.4,.07,XLA,G_.0,2)_ 
CKLL'PLöUXäB ," oTsTs'I 
CALL PLOT(XAB, 9.5,2) 

X'Ä¥'V"x"ÄB"+'";8"7l)" 
CALL PLOTUAB, 9.5,3) 
CALL PLOT(XAD» 0.5,2) 
XLA = XLA + .25 ,4 

X « XAB - .07 
CALL NUMBER(X,0.4,.07*XLA,U.0,2) 



XLA » XLA + .25 
""5rÄF"*'-5rAD-+-;-ff7r5  
X = XAb - .07  
IT (XLA - 1.Ö1 41» AZ» 42 

42  CALL SYMDÜL(3.ü.Ü.2.0.l4tbCÜX, 0.0» 24) 
"CÄTU"NüH3ET7Ty"."ü72r;vö7;yc7r;ir;ir,"rf  
CALL PLOKXAB» 0.5»f3) 

—rALT'TUDrrjTABrr?:?;?)  
IFCAPA - 1.0) 41» 41» 45 

"53 L   = S.S/'IAPA-i.O)  
XAB = 4.5 

—TFTZ"-~.-|f7rr""zr5T-Trr»"V7  
46  Z = 2.0»Z 
 XtTTV-T;©"  

XB = 2.0 
 UJ IU 48  
4_7  XLA = 2._0 

xF'v-y;^ 
48 XAB = Z + XAB 
 rrr)rÄB"-"B7ö"(jöo"iT"4?T"4"9V"r4  
49 X = XAB - .07 
TÜ—CALL PLÖTIXAB» 9757X1  

CALL PLOKXAB» 0.5»2) 
^c7rLL"'iTöMET?iyro'r4'r."öT»x"LA"ru"."ü"."2T 
XAB = XAB + Z 
 rrryÄF'-'3-.-ciyDinT~"5T»"""Tr.~r5  
51   X = XAB - .07 

„ 52 
XLA = XLA + XB 

CALL NUMDER<X» 0.4..07» XLA» 0.0»2) 
CALL PL07( XAB,0.5» 3) 
CALL PLOT( XAB»9.5» 2) 
XLA = XLA + XB 

GO TO 48 
54 XAB = XAB - Z/2.0 

X = XAB - .07 
XLA = XLA - XB/2.0 
IF( XAB - 8.0) 50. 50» 58 

55 XAB = XAB - Z/2.0 
X = XAB - .07 

XLA = XLA - XB/2.0 
IFUAB - 8.0) 52» 52, 59 

58 YZ = -YZ 
YLA » APO 

Yd = -YB + .000015 
YAB = 9.5 

AZ = 0.0 
A « -i.O __ 

GO TO 60 
59   YLA » 0.0 ___„._„„_-_ - ._—. 

AZ « 9.5  
 A « 1,0  
6^    CALL PLOT ( P.O.YAB» 3) 
 CäLL PLOT "i r7cr;yÄFr_2T  

Y   =   YAB  -   .035 
 rFTWZT-TOT_„rü;5...„Iiy5 .  

103 CALL  NUMBER<0.7.Y»   .07»   YLA»   Q.O»   3) 
 bO   TÜ   10b  
104 CALL  NUMBER(0.7.Y,   .07»   YLA»   0.0»   2) 

Bcnrorrw 
103     IF(MZ  -  1)   106»   108.   109     85 

'. 



106  CALL NUMBER(0.7,Y» .07» YLA. 0.0» 1) 
GO TO' ICTÖ    

109  CALL NUMBER{0.7.Y. .07» YLA» 0.0» 0) 
—nre—yAd * YAb + YZ :  

IF((AZ - YAO)/M) 70» 6i» 62 
62 rtÄ"='YCK'+'rö    

Y = YAB - .035 
IFrMZT"ri3"."Tl^"."lT5    

113 CALL NUMbERI0.7»Y» .07. YLA» 0.0» 3) 
 (JO   TO 116  

114 CALL NUMBER(0.7»Y. .07» YLA. 0.0» 2) 
-QU-T0"ir6  

115 IF(M2 - 1) 118» 116» 119 
-"Tl-ff—CAT:u-NIIHBER-nj_.T".y"»~;T3'7V"YC7r;"0VÖVT)"  

GO TO 116 
 rn—CALL NUMBtK(0.7.Y» .0/» YLA» ö.ö» Ö)  

116 CALL PLOTd.O» YAB» 3) 
-CÄLr"pLöTr-ffVöV"YÄßr-2T  
YAB   =   YAB   +   Y2 

 TUA-STCA+YB"  
IF((AZ   -   YAB)   /   A)   70»   60»   60 

 TU LALL  SYMoüLI   U.ö.   3.U.   0.14.   BCDV»   9Ü.0»24)  
C DRAW   CURVES   ON  GRAPH     wHERE     NC   REPRESENTS  NUMBER   OF   CURVES  UN 
r Tflrs'iPFör  

71     CALL   PLOT(ABSll)»   ORD(l).3)  rrrNlc1_rrT2V6T.T2  

63     UO   65   J   =   l.NPT         
 6b    CALL SVMBÖUABSIJ).  ÖRD( J) ..04.1.Ö.Ö.-2)  

GO   TO   91 
—77—rrrN^r"-"rr'7r"r"7"3T"7F  

73     DO   74   J   =   l.NPT_ 
T'*~"C7^LL"S9USUüV^'S{ Jiv'o'firrr j"r.".~04r2 »'oro"i"2T 
 GO   TO   91  

T5     IF(NCT   -   3)   79.   76.   79 
76     DO   77   J   =   l.NPT 
77"'CäTU"TYM"BöT]äB'S (7TV'b"RD"r7r7."Ö473rdro"r-2') 

GO_TO_ 91_ 
79""'IF7NCT"-_4T"8"2V"8"ÖV"8"2 
8ü     DO   81   J   =   1»NPT  
ST     CALL   SYMBOL(ABS(J)»   ORD(J) , .04»4»0.0»-2) 

GO   TO   91 
BZ'TFlHCY -"$7"~86T"8T»~8"6 
83     DO   84   J   =   l.NPT 
B^"-cATU"y?MBDrrAB^rJr.""OT?D-rTr.vD4;Tro";ör-2T  

,   GO   TO   91 
 BrF-30 87 J =  1»MPT  

87     CALL   SYMBOL(ABS(J).   OKD(J)».04»6»0.0»-2) 
""9T—rrTUPÖT'^lTVWVTÖ""  
911  IF(NCT- 2) 912» 913» 914 
^i7'"CALL""s"fMi5DT:r(?rorT."5o"»".'öv;"'fV'öVö7"-Tr J 

CALL SYMBOL(6.3. 1.50. .07. BCDX(4). 0.0» 6)  
 GO TO 9ö r 
913  CALL SYMBUL(6.Ü. 1.25..04» 2» 0.0» -1) 
 ■CAUC"SYWFÖLT6-.-37"T;757"VöT»--UCI5rf5Tr'Ö7öV"8'r  

GO TO 90 
^y4TFTNrr----3r'9"r57"7iv7"9r6 ' 
915 CALL SYMBOL(6.0» 1.00».04. 3» 0.0» -1)        
 CALL 5YMBÜU6.3»1.Ö».Ö7.BCDXIM,Ö.Ö»8)  

GO TO 90 
•-9r6 rÄLL"5VMFÖLT6707;T57'7ö¥.""47"Ö7Ö7"-T)" 

CALL SYMBOL« 6.3» 0.75» .07» ÖCDX m . 0.0»_8)__ 

  >A ^ 1 



c 

SUBROUTINt     CÜMP    (OFK,P,Y) 
■"r01^ü-STTlT31^"Cnr-rO>TBU5TIl7N--G7r5FS"Är'ÄT5I^b7fTTC"TL"ÄW't"TEWYR^TÜRt 
AS A FUNCTION OF      O/F RATlOt PRESSURE       
ÜIMENSIÜN WI6).YCÜTl(6).YCÜkTll6I.VH5Tll6).VHi:0Tll6).Yü2Tll6). 

1YN2T1(6).   Y(7)»YNUTKb)»YCU^T2(6)»YCüT2(6)♦YH2T2(6)tYH20T2(6)♦ 
'lYO'zT zrbüyKZTll ÖYiyW'TI'CbüYCÜti ( 6lVYCü2'ÖT6TrY"H2"bT6Tt YH2ÖbT6Tf 
JYü2b(6)fYN2b(6)»YNObCb) 
"iTÄTÄ~rFr«~ov5B7fu;vn;TruöY;T;:r2K 
i( YCüTl= U.0b2»Ü.Ü^l3» .w^3» .041 
"ZIYL02T1 = 
3(Yh2Tl= 
"4T7Fr2üTr=" 
5( Y02T1= 

■6T-Y^7TT=- 
7« YN0T1= 

TiTJB'tTGVn 
.039».039) 

• 01)2» .031 
331t .213* 

.u49 
. i<»7» 

.Ü47 
.073» 

•U43**043) 
.019..Ü1V)« 

■.2B7'i" ."J7o 
.000. .001 

.001. .006 

.423 

.020 

.021 

• 466 
.049 

.077 

■.45Ötr450") 
._056»_.0b6) 

". 397"» ."35T) 
.080..000) 

UAIA  
1( YC0T2= 
"2TyröTTT=" 
3( YH2T2= 

■4TyF2üTT=" 
5( Y02T2= 

.ot>6» .ü<+;> 

.330* .211 

.000. .004 

.042 

.149 

.019 

.040 
";ü"4r. 
.080 

.030 

.03»».03b) 

".042Vr042"r 
.026..026) 

V5Trr;Tr7Tr 
>050».0b0) 

.3yy 

.009 
61 YN212=—.382. 
7( YN0T2=  .001» 
 •Ä-v-115---7ö-a;T7-77yö-- 

DO 10 1=1,6 
—rcuBTrT"=""yüOTrriT"+" 

YC02B(I) = YC02T1(I) 

TTÜF 
.027 .063 • 019..019) 

■7r-r-rrüüT7TT7-'YCDTrrTn  
+   A   «   (YC02T2(I)-   YC02T1(I)) 

TFTTFTT)  =—TRSTTTTi + A ^  iVniTid)  - YH2T1(1))  
YH20B(I)=      YH20Tl(I)   +   A   ♦   (YH20T2(n   -  YH20TUI)) 

Y02B(I)   = 
YN2B(I ) 

Y02Tl(I)   + 
=   YN2T1( I )   + 

A   *   (Y02T2( I )   -   Y02T1(I)) 
A«(YN2T2(I)-YN2Tl(I)) 

10 
YNOB(I) 
CONTINUt 

=   YNOTKI)   +   A*(YNOT2(I )-YNOTl( I) ) 

CALL 
CALL 

LNGRIN 
LNGRIN 

(OFR.YCU. K 
(ÜFR.YCÜ2»R 

» YCüb»0YDX»6) 
»YC02B.DYDX.6) 

CALL LNGRIN  {0FR»YH2 »R ,YH2B .DYDX.6) 
CALL LNGRIN  (0FR.YH2Ü. K.YH20B.0YDX.6) 
CÄUC LNGRfN  (ÖFR,YÖ2. R »YÖ2ß. DY"DX»6) 

CALL LNGRIN (OFR,YN2»R»YN2b»DYDX.6) 
CALL LNGRIN (OFR .YNü.K.YNOb,DYDX.6) 

Y(l)= YCO 
Y(2)= YC02 
Y(3)= YH2 
Y(4)» YH20 
Y(5)= Y02 

Y<6) r VNS 
Y(7) = YNO 

—5ÜM ■ öi 
DO 2 0 1=1.7 

* 

19 
—Tr-TTrrr.Tr."cv7~i"9";70         " 

Y(n= o. 

• 
^u SUM = 5UH 4- Yin 

DO 30   I = 1» 7 
 TV ■ mi . ?Tn /'"SUM   

RETURN 
* tND   

• 7 

II 



SUBROUTINE   TERP(X»Hb.VU»NSET.RR) 
l)"IW£N^51W'XTrrVRST4Ö)VVDUüTiN^Snm7RRr2) 
LOB   «   NSET(2) 
 LBJ  » N5ETI1) ~ 

J «  1 
nj-x-*-"j~2    

DO   20   1=1.LBJ 
'—-K-*—?*r+K  

IF(RS(N)-X(J))20.30.40 
20 CONTINUE  

WRITt   (6»25)X(J) 
iy'FÖR'MÄ7Tl HOVE rare r2TH"A"Büvr"frÄNGr"ÖF'"fÄ"BLY            T'   "" 
3U   RR(J)   =   VD(N) 

-UB^VUlgB  
J  =   J  +  1 
 lT-rJ^rTTü7FÜ75S  
40   RR(J)   =   (X(J)-RS(N-2))/(RS(N)-RS(N-2))   ♦(VD(N)-VÜ(N-^))   +   Vu(N-^) 

uöj'"»'UBir 
J = J + i 
yp-rj-3Tlo"."5"ö75ö' 

50  RETURN  END  

FUNCTI-ON XDEL(RVAP) 
 -ITTRVÄP---.-51TDT5T5  

5 XOEL = 0,005 
 bl) Tu 1Ü0U  

10   IF(RVAP-,3)20»15.15 
—iT'XDEU'v-Tjrar  

GO   TO   1000 
—-2"0-nFTRVÄP--tr.-2T3'ü".75V2T" 

25   XDEL   a   0.02  
GO   TO   1000 

30   IF(RVAP-0..l)40.35»35 
3T~xürL'"="Ö7J5" 

GO   TO   1000 
•"'^V-TFTRVÄF-=ÜTÜm?0r.T5TSr 

45   XOtL   =   0.100 
 Go   TO   1ÜÖÜ  

5U   IF(RVAP-0.02)60.55.55 
—5T"xi5rL"=~Ö".7Ü(J  

GO   TO   1000 
—SUXDEL-s "OVSOO  
luou RETURN 
 E7TD  

--tl- 



FUNCTION   PVAP   (T.I) 
■VÄP-ÖR-PT?rS5ÜRT"aF"NY0ÄIT=TyV"MWRTr=2)      
DIMENSION   A(2)»d{2)tC(2) 
DATA   IA = 5ü.47.U.3287).   Ib=126?j0. ,736i.22 ).   I C=lbl. .-63.12l3 ) 
PVAP   =EXPKA( I )-B( I )/( r+C( 1) ) ) 

"RETURN        
tND 

9o_     IF_'UPA_)    95»    92»   92 
X "^ 'TER"flrNXTlü^r"" P0TNT""AN0'   "Yor'^WRI Tc   FOR   PLOT   TAPc 

92                            CALL   PLOT    (8.3»   0.   -3) 
 95 KLTURN  

END 

FUNCTION   TbL(P»I) 
BOILING^TEMP   uF   N204I f =T)V'""«MH'( 1=2) 
DIMENSION   A(2) .d(2) »CU)  
UAIA   (A=2ü.4^»i4.3j)»lb=126i0.»7 36i.2).IC=lÖi.»-6i.i^l) 
TBL   =   B( I )/(A( D-LOül-(P) )-C( 1 ) 
TrETUR"N 
END 

FUNCTION   RHO   (T.I) 
"X'rQ"uio"'DrNS"rTY""ör'N"2ü4TT=T)V"KMH"fr=2T 

DIMENSION   A(2) .d(2).C(2) 
DAIA   (A=0.Ü616.Ü.Ü3Ü623).   16   =0.1082.0.402b9)» 

1 (C=-0.54321.0.0) 
-Rria'=-Arrr+'B'(Tr*T7ivE4"+CTr)«T/r.'t"8*f 

RETURN 
END 

FUNCTION   VISCV(T.I) 
■VÄPDir"VT5Cü5TTr"FÜR~R70¥TTiTrf"""WWHrf=T)  
DIMENSION   A(2).B(2)   
DAIA   (A = ü.41';S!H.Ü.41|

a)tjü).(ü = U.OÜ9bBx.a.ü09bHlT 
ViSCV   =   (Ad )+b( I >»T)/l.t7 

"TTETÜRN  
END 

At. 



KUNCTIüN   CVAP   (Tt 1 ) 
C VAPüR-SPETirTCUr-l^-ZOTTTTSTIV "MffHITSTT' 
 OIMtNSlUN   A(2I tc}(2) tC(ZI 
 CD  Tu   llö.JOJ.I  

lo   TR = T-18_00_. 
"'rvÄi5v;yf4+rK*T2vru5t"-y-TTR'*y;3"3r-9Ty 

RETURN 
"2TJ"-rVA-p=-;y56-+:VB"cJ4t"4*T  

RETURN 
—Em  

FUNCTION   FK.A   (Tt I ) 
"VÄFrö1f"THtT?ftlfL"röNT50"CTT^TTY"öF"NröiTlViTr"iWHTIV2y 
DIMENSION   A(2) »t3(2)   
DATA   IA=-1.67.Ö.1237),   < B=Ö.ÖÖ6!>2.0.00^^6)  
FK.A   =    (A{ I )+B( I )»T)/1,E7 
RETURN 
END 

FUNCTION   CPL   (T.I ) 
"' UI Qüri5_'SPTCrFTC""H t ÄT'ÜF"'Nrö4"rT=lTV" MMH (T = 2")' 

üO   TO   (10.2ü)il   
1J  CPL   =0.354 +i).3b-6   »<T-A50.)»*2  

RETURN _ 
2XJ""CPU' = Ö_. b8'(5l25"+"2V8o"7o"8c:-4"*f 

RETURN 
 ENU r 

FUNCTION  CÜ(RE) 
 ül?Ä"G"CDTr"ÖT""URöP  

IF   (RE-80.)10»lü»20 
10  CD  =27.   »Rt  ##|-.fl4l 

RETURN 
TirmRE-l.E4»3ö»3ö.4ö~ 
3U   CD   =Ü.271*RE**.217 
 RETÜTfN  
<ifU   CD = 2.   
 RtlURN  

END 
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FUNCTION ALM (Ttl ) 
KEAT OF VAPÖRIZÄTTÖN ÜF ~NT0'4rT=rr."MM«'fIV2T 
GO TO ll0f2U).I 

TU \H   =^BÜ. -1  
ALM = 272. 
IF(TRn6."lö.l5 

15 MLM = ALM + i7^.*i)(jKT(-( Tk/^JÜ. ) 
lo RETURN ' ~           
2U ALM = ,J0.747 -T»( . J3S»lJ0i-i.^i4t-4*T) 
 KtlURN  

ENÜ 

SUÖROUTlNt wTMINT ( üF-RtH »«Mf OWMDüFR J 
MOLECULAR wT Of-   CüMdÜSTTÜN UÄ¥£i''A'S"Ä"FüNCTIöN_'U?'"ü7?"'kÄT iu 
DIMENSION uhTAb (7).WMTAb(7) 
OAIA (UI-TAD = UTTF* mn TTT^—TT&i—275^ 'i.i   •—ZTUT*  

1     (wMTAb = U.00»14.67,iy.7b.22.V3»23.ö_l,23_._Ü0.23.00) 
CALL LNuR'ISi ( ürk ,V/k»uFTAb» WMTA"g"f DWMDOFlRiTT 
RETURN 
END»  

FUNCTION   A(X) 
LKUSS  5tC:TIÜML~ÄirE7rüF   CHAWBETrVSTT" 
A   =   107.   -j.55*X 
RETURN ;  
END 

SUbROUTlNc   MAbStT(L^OfKhü.K^.tMDüT.NtDKUPN) 
ü I Mt N51 ON EM&"f27T"tirS"TWr» tlftüPRTJÜl 
CKr(ü = 4. ieb7,*0204«Rh'j  

■rWMC = EMDöTyi-LÖATFINl  
c 
 FRACl  *  PftAC/S«d  

NP4   a   N+4 

£MO(I)   =   CRnO»RS(i1**3 
2 uROPNm = nucnmirn 

00   b    1=6.NP4     
EiiK5Trr="CRH0"*Rs (I) ««s 

5  DROPN( I)=PRAC/EMOm 
 RETURN  

END 
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bübKÜUTiNt  VKbuMä (ufK»P»T»VlSb»1KüfCFu) 
L       VibCuSl'TY»  TMtKciML cuNüULfivifY»  ANU  öHtClUC NtMT U^ 
^ ^üMöUbTlUM  ÜM6115 Mb A HJNCllüN Uh U/h KAliu» HKtioüKr • A!>^ 
L        iLMPLKA TüKt 

L>lwtNblL»N   TTAnt 7) • vco( /) f Vcu^! ( 7 ) ♦VM^( /) t Vn^uC 7 ) • Vw/ ( O f Vl%^ ( / > • 
i 'VNU( /) .5u.v(7)'»w>i[T)"V"vrrr» Y (/) ,VK( M»*WKJ /»»Kni« n» 
1 YPHI( 7) .LP(7) 

L)äTä'7TTA~I3""= ~5DIJ;"j;TöTTüVüV2u"öu(ru»30ülD.üVA0'üöVüV3'üüo.üf 70UO.ü) t 
 1 (VCO     =   0.971»   l.bi^t      2.51t      3.34«      j,b>0t      A.?l«      D.bü) » 

2 (VC02   =   U.79i»    1.423»      2.32«      3.21»      3.7b»      4.19»      4.70)» 
3_ 'yjJA _= _0•_4ö_i!!:*__0•7:>0• 1_,_lb*__ ^•^,      1«_V&*      2.22»      2.co)» 

"4 rvH2ü "^"Ö^sl^;»   r.TujV ""2.22»    ~jV34i   "4"i3'öV"   5.2/»" "öVoU ) » 
iJ (VÜ2      -    i.iOO»    1.7ö7»      2.b5»      3o75»      4.4^»      5.iJ»      6.30)» 
6 rVN7~^"U;'9,B17t"~IVJZ3ir    ZV32"»     5V4T»     4;7r»    "«VyBV "5i"ö2T»'" 
 / (VNO      =   O.öbu»    l.il2t      2.1!?»      3.0^»      4.10»      «•••t>ü»   3.30)» 
 B rm = ZBTl 44.»   2.U1&» T5T\ TTT* ZBT; JÜTT  

CALL   LNGRIN      (T»V(1 ) »TTAB»VCO»DYDX»7) 
CÄLT LNGftU    fT.V^ffTTÄBWCöJ.DVD^rrn  
CALL   LNGRIN      {T.V(3 ) . TTAB«VH2»DYDX»7) 

 rÄtTLNlaRlN—rr»-\rr4T;TT7rB"»'VH7DTÜTDX"^T7  
CALL   LNGRIN      (T.V(b ) »TTAb»V02»DYüX»7) 

 LALL   LNGRIN ( I »V(b)» I I AB» VN2 »UVUX» H  
CALL   LNGRIN      (T»V(7 ) »TTAB»VNÜ»DYDX»7) 
 Ofxi-coMP-IÖFRf^fYT  

SUMVIS   =   0. 

IF(Y(1 ).LT.0.J01 )    20»   9 * 
~5—iuMin = o. ?  

ÜU   10   J=l»7 _ 
VR (j) «   vTrr? VTJT 
WMK    (J)    =      WM( J_)    /   wK( I ) 
pHI(j,   -   (1#   ^  sökT^tVRtJ)*  S(rfRTF(MMR( J) ) )") »»I/T2 ."ö"2 o '♦"SwklrT \" 

1 1.   j;   1.    /   »;MR(J) ) )  
YPHI ( J)    =      Y( J)   «   PHI <J)/Y( I ) ". 

l_u        bUM ( H _ =   SUM   (I)    +_ YPHI (_J ) 
bUMVIS   s    "SÜMvTb      +   V( 11   /   bUM( IT 

2u_      CüNTINUt 
'  VlbG"=   bÜMvTb" /"iitfb 
 CP(1)-   9.46   -      3290./T     -f   1.07t:6/T/T  

CP(2)=   16.2      -   0330.   /T     +   1.41t6/T/T 
-_c?_( L' =_ I*Z6    -t A? 7§_Er^*T + 2_0._/SQR_TF_( T ) 

"  CP Ü )'= _19 .b'6'-' 3 9T.7b(J'RTF"rf ) "+ "'ZS'ÖO"'. / T"" 
_CP(5)=__11.3_13_ - l73»/   §Ü,UF(X»     _+_ 15i,0,/'r 

CP(6)   *  6«9J>62  ♦'3»i>73fc-4  *   T 
CP(7)    =   7.7205   ■*■   2.463t-4   *   T  

SIGA   =   0. 
SI6B»     y»        _ _ 

00  3ü   1*1.7    ~ 
SIGA   =   SIGA    _+ _ Y( I )   *  CP( I ) 

TJ" "STGö « "SII&B"""*   Ydi • wMd) " " 
CPG     =   SIGA   /   SIGB    

 -Tiu3—=  ViiG *   I   CPÜ +—2.4fa4y  STÜ51  
ktTURN 

Tfiny— 
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SUBROUTINE  LNGKIN (XAKütYAKütXTAbtYTABtDYOXfN) 
"croxD^Ärrr-LÄm3ft^N-Gi^"iwTrßFöUÄrfON"üfi"ExTi?ÄTOLXfröN 
AND  DF(X)ÜX 
 UlMtNMUN—XlMblDÖ) »YTAdlSÖ)  

IFCXAKG.LT.XTAbd) )    Hit   10 
' ru" ■wRrTE"r6vrö'ör"xÄRü      
10U   FORMAT (10H0  XARb = F12.6»  41H 
—iiy-VÄUürs'.78')f".7rrfVÄro¥S"ör'Trr>rr"ÄFii5" 

2RAM   ARE   EXT. APOLATED. ) 

lb  OUTSIDE   THE RAN  OF   TAbULATt 
TD'TÄLL ING'TPKOb 

TT 

■3T- 

TSl  
GO   TO   5Ü 

TF-fX'ÄR"GrGTVx rÄ'bTT^TT 
wRITh   (btiOO)   XAko 

•iOt'fO 

KTv-fr-r  
GO   TO   5Ü 

TfD II-   (XARG.GI.XIAb(i).ANÜ.XARG.LT.XIAd(^))   11»41  
41         IF    (XARÜ.LT.XTAb(N),ANL),XMRG,üT.XTAb(N-l) )    31»42 
47 ^""i'TJ"--""!  

DO     43      I   =   3.   M 
 T7"r)rTA~brnvGT;'x-ÄT?"GT 
43        CONTINUE 

"4-4V-4T 

-m DTFI   =   ABSH   IXAKG  -   XIAdil-^)) 
DIF2   =   AbSF   (XARG   -   XTAB(I-H)) 

 TF"rüTrr".Tr."DTFT]"4TJ-5F  
45 K   =   I   -  2 

ljD~~rD'"50 
46 < = I -1 
TO" 

b « 

R « 
rv 
T = 

XARG - XTABJiO  
XARG - XVABtK T) 
XW?G'-"7r/reTr+'2T  
XTAB(K) - XTAbCK+l) 
TTÄHrKr"""xTÄBTK-+~2""" 
XTAB(K+1) - XTAB(K+2) 

T INTERPOLATION FOR Fix) 
YARG   =   YTAB(K)   *   b   ♦   C   /R/S   -   YTAb(K+l)   «   A  *   C   /R/T   +  YTAb(K-»-2) 

L DIFFERENTIATION   FOR   F    (X) 
]jy^-,-fyjg-CRT* rSVCT/TT/s"- YfjrBU+TP»'~fÄ+2;7/'K7T V YTABU+T)" 

1*   (A+B)/S/T 
 IP   tVARC.LT.XTABID.OR.XARG.ÖT.xTABCN))  60» 61  

60 WRITE   (6t200)      YARG.   DYDX 
"7öiJ    röTriflÄt'"rröx77HrA'R"(r"v"rr2%'y."röxVTHTY"Dy"«"F"2ö"."i'öv 

61 CONTINUE 
TTETOTfll " 
END 
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SUBROUTINt TGINT ( UI-R.PC . T »UTUüKK ) 
C    ÄOlAbATIC F'LÄMt TtMPtRATüHi A^'A'FÜNcT lUN oi- u/h KATIU . KKLJ^. 
C     PRhSSURt tFPECTS ASbUMtü Neu. FOR FIRST APHKuX. (JNCLUutU LMICKJ 
 UlMhNblUN ILH1*) , UI-TAbiy)  

DATA(üFTAb=      O.U.    0*94»      l.Ut      l*2t       l*4f       1.3»    i./a»      ^•0*      >.u)» 
T        TTCI ■'="4TSÖVV471}0VVb"öö2V»y5V6V»5»"6313i'o65Ö.V53V3. »s^ö?« ♦ J^U. ) 

CALL   LNGRIN    (OFR.T»UFTAb.TC1♦ÜTD0FR»9) 
 R-ETURN "  

END 

FUNCTION   RT(RS) 
X CÄL-CUI7rrFS"T:i^rAI^E--0F-UIT5D-CTATrüN"FL'ffMt_"'Ä"S"FUWCTTON""0"F""RADI.jS 

UIMENSIÜN   RRS<5)tKKl(i)   
 uAiA IRKS 

H—uruTTUUTTzuuTTTuurrsmrn  
1 (RRT   -     b.O»    1J**   17.»   lb.»   lö.) 

"roNVERT"R"sr<:r'rj"7vTirKüRir  
RST   =   RS 

~WST'VRrT"*"2V5ZE*'*f  
CALL   LNGRIN      (RST»KT»RKS»RRT»DRTÜRS»5) 
KF   =  HT   y  2.b4b-i-4  
RETURN 

-mu  

FUNCTION   XMR3) 
C              CALCÜLA7Eb"örSSüCTATrü"N'öURNIN&"RATt   CuNSTANT   Ab'FUNCTlUiM   ^r- 
C              RADIUS 
 DIMENSION  XXKlbl.RRSIJ)   

DATA   (XXK   «      3*tt   6.3»    7.3»   b.2»    11*)* 
1 ( RRS ' = " üi'JtTüüiViÜÖV»3'ÖÜ. »"500•")"' 

CONVERT   Rb(M   TO   MICKüNb 
"RTST'V'RS : 
RST   =   RST   *   t.St+t+t*  
TALL LNüRIN    (K^T »XK.RKo»xxK»üxicuRi»5 ) 
XK   =   X<  #l.E-3/2.54/2_.b4 
RETURN' 
END 

FUNCTION   AP(X) 

AP = -JUTS ' 
RETURN 
END 
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SUBROUTINE   LOGNRM ( RM.SIb »N tRS ) 
"C X^MPUTE3-1?TOlT-TJr'N--DR0p-S"'ÄTJ0trr""WFrrCH"T7TT'TF|-i0r-THr"W"Ä55'TS     

C CENTERED   IN  THE  LOGARITHMICO-NORMAL   DISTRIBUTION  WITH  MASS-MtAN 
^C HWUIUS  KM  ANU   SIANUARU  UEVIAIIUN   LN   Sib. AM»    IHb   INVERSE  

C PROBABILITY   FUNCTION   IS   APPROXIMATED  BY   A   RATIONAL   FRACTION. 
 I7rMEN"STDN"RSTTDT    

DtL=1.00/FLUATF(N) 
 ■STGCNStDGFrSTCT  

P»-DEL/2. 
 Wk   =   fill*  

MED   =   (N+l)/2   +  4 
 -J-V-ffpv  

DO  4   I   =   1.NP4 
 TTTr--2Trü'fiT-.Ti  
1U   P=P+   0.6»DEL 
 UU   IU   2  
11   IF(i-5)   l5ilSf20 

■iT-^F?xr;7«üTL-  
GO  TO  2 

"ZTT-piF^ITEL"  
3U   IF(I.GT.MED)5.2 
t   liSUHIH-LUbl-tk^m  

XP»T-(2.3U7t)3 + .27061«T)/( l. + T*< .99229 + .044bl*T ) ) 
 TSTSTSOPFITTGCTT'TPT  

IF(1-3)4,3»40 
-w-trrr--5T4v-49T5u  
49   P   =   DEL/2.0 
 GU  TO  4  

5_U   J»N  -   I   +   9 
"3"TfsTjTiRM»ESTG"x 

4   RS(I»«RM/ESIGX 
"T'TfEfURN          

END 

JL 
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SUbRÜUTlNt   UIFHU    (U^K»P»T»VPOitIfUFU) 
'"irriTijsTviTY'7^"T?2W"fiviTT'TWiTrr«rrTR'TAPoR"7rLM        

DIMENSION     FACA(7).KACb(7)»YI7)»EPSA(7).EPSB(7)»ETAB(14)t 
T—UHbtniM.   PÜ(7J  

ÜATA   (l-ACA   «     4.äbf   i.o/t   i7«&»   '/•'fit   d«b?*   4«//»   4.Vj)« 

2 (FACb   =     4.77,   i.ou»   i7*^t   7a27t   Pt74t   4.b/»   4.o4), 
"3 rEP^"="427;v"y5Trr"Y8-2rrt""TJ5"."V'4Yavr"3b6vr"4yö-.-)","" 
4 (ETAb   =        Üt3t      ItOt      2.Qt      3.Qt      4.Q»     6.0»      b*Q» 

"5 lU.O«   20*0*   3u.Ut   40*Ut   6Ü.U*   äO«U»100*0)* 
6             (OMEGT=   2.622ti.4iV>l«U7ötO.949tOtäb4»0*bi2*ü«771»  7 lJ^^^^;YW.r.Y2T^;i^.-ÖT5_9.^V5,/5v^^r71  

LALL   CÜMP    (ÜFR»P»Y) 
 IJ0^T7""7«7.TT  " 
|U   Y(J)   =   Y(J)    »   (P-VPU2)/P     
—bUHD ■ J;  

IF   (I.tQ.l)    20.40 
li;"XNUH • I, - VPCf2/P  

DO   30   J=lt7 
 ^-T-T  / EPSAtJJ  

CALL   LNGRIN    (E»ÜMtGA,tTAb»OMtüTtDYDXt14) 
 PUU)   «   hALA(JI*l   »¥173   /UMtbA  
30   5UM0     =   SUMÜ   +Y(J)    /PD(J) 
 TJönTTTÖ  
40   XNUM   »1.   -   VP02/P 
—UQ-5T7 ^y;r  

E   =   T   /EPS6(J)  
 CALL  LNtRIN   <E.ÜMbGA.tTAb.öMtoTtiW0k,14)  

Pü(J)   =   FACb( J)*T«*i.i>   /ÜMtüA 
"5"J"TÜW'ö'~="5üWD""+""YTJT/15"üTJ") 
60 UFü » XNUM / SUMD /P /l.c6 * 14.7 
—TCTöWT  

END  

  _.  .     .    . .     ' 
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S.   Sample Problem with Output 

A sample problem was solved and typical program output 
is presented here.  The input parameters are shown in 
Figures 20 and 21«  The following pages show the printout 
of droplet histories at arbitrary x increments along the 
chamber length.  Printed output in this solution involve: 

(a) State of x position (inches). 

(b) Calculated gas velocity u, 

(c) Chamber temperature, T, and pressure P. 

(d) Calculated local bulk gas O/F ratio. 

(e) Local Mach number of gas. 

(f) Cumulated fraction of 0, F and both vaporized. 

(g) Local vaporization rate, 

(h)  Drop size and mass for each group. 

ci)  Drop absolute and relative velocity. 

(j)  Droplet liquid temperature. 

(k)  Reynolds number of each drop based on the speed 
of sound. 

Figures 23, 24 and 25 are samples of the printed output 
at various chamber stations. 

In addition to the printed output the parameters of 
most interest are machine plotted.  These plots display 
trends in these parameters in a more meaningful format 
than the printing.  The results for the sample case follow 
the sample printouts. 
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APPENDIX II. 

COMBUSTION INSTABILITY PROGRAM DESCRIPTION 

The Dynamic Science Corporation combustion instability 
program solves the following set of nonlinear partial dif- 
ferential equations. Cylindrical coordinates are used, in 
which the z direction corresponds to the axial direction in 
the chamber.  The following dimensionless equations are the 
result: 

Continuity: 

^♦ "&• T^) *v; ^- ♦••«£■• i'"t™   tn-i) 

Momentum  (in  9-direction); 

pt   1^9 ♦ p.v.   *^e + i JP^ LWV f(Y) . 1 i8  v'e f(Y) 

(II-2) 

Energy: 

♦   L«'   |(y   -T«)   ♦ l^iy^Av')2   ♦  v',2]!    f(Y) 

Ideal Gas: •^"""^—"^——• 

nr • T« rtr    ♦   P'   TT" (11-4) 

The set  of equations   (II-l,  2,  S)   represents  a mathe- 
matical model used for the analytical determination of the 
minimum pressure or velocity perturbation required to 
develop into a traveling wave within the combustion chamber. 
The one dimensional model  employs an annular section of the 
combustion chamber of thickness Ar and of length At. 

US 
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Previous  solutions  to anslyie  coabustion instability 
•■ploy a first order explicit  finite difference schene  in 
the tiae direction.     The spatial or theta derivatives are 
approximated with a Stirling first  order central difference 
relation.     Initial  investigation deaonstrated that indications 
of coabustion  instability were not  entirely valid.     That  is 
error propagation  during the  coaputer solution was  giving 
false  indications   of coabustion instability. 

Since the  solution  of the systea of second order non- 
linear equations  essentially represents  an  initial value 
problea for a systea of differential equations,   it was  decided 
to use aore stable  but nuaerically acre  cuabersoae,  higher 
order difference aethods.     The  Dynaaic Science  coaputer prograa 
uses  a third order Adaas  Bashforth predictor given by: 

yk*l "  ^k  * IT (S5fk-59fk-l*37fk-2-9fk.s) C11*5) 

and a third order Adaas Moulton corrector foraula of the 
fora 

yk*l  • Xk ♦ TT (9fk*l*19fk-5fk-l*fk-2) (II-6) 

to advance the solution at each tiae step.  It should be 
noted that previous aethods of solution to the nonlinear 
set of equations involve only first order aethods to advance 
the solution to the next tiae step.  The present difference 
equations require a history of four previous points in order 
to advance the solutions to the next tiae step.  The first 
order aethod sustains an error tera of order (At)2 while the 
predictor corrector foraulae (II-5 and 6) sustain an error of 
order (At)5 and hence allow larger step sixes during integration 
while aaintaining nuaerically stable solutions and ainiaizing 
error propagation. 

The Dynaaic Science Corporation prograa corrects only 
once and rather than continuing to iterate to converge to the 
solution a test is aade during the integration cycle to check 
for four significant figure agreeaent between the predicted 
values and the corrected values.  If sufficient agreeaent 
exists then the solution can continue.  If sufficient agree- 
aent does not exist then the tiae step is reduced by a factor 
of 2 and the solution is continued froa the last point which 
satisfied the four significant figure agreeaent.  If sufficient 
agreeaent is aaintaired for eight or aore points provisions are 
aade for doubling the independent step.  At the present tiae 
the step control is based on the absolute difference between 
predicted and corrected ordinates of the integrated functions 
p, v, and T. 
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In th« spatial or thata diraction tha accuracy of tha 
thrtt dorivativa has baan iaprovod by aaplojriag highar ardor 
control difforanca fornulaa. Tha first ordor prograa usai tha 
following aquations: 

^ n.n 

Tn»ltn"
Ta-it n 

2Ae 
(H-7) 

Whila tha  Dynamic Scianca Corporation conputor aolution 
anploys  tho  following  fourth  ordor cantral diffaranca  rala- 
tion. 

""'"•    T..« • T(M...«t)   • 

Tho dorivativas in tha axial diraction aro datorninad 
with tha assumption that tha total mass, nomantum. and anargy 
in tha annulus ara constant.  Purtharnoro, it ia aaaunad 
that thaaa dorivativas aro indopondant of r and 6.  Thasa 
assumptions rasult in tha following aquations, which parmit 
avaluation of tha darivativaa takan with raapact to s: 

Continuity; 

(II-8) 

»v. r2' »a.        r 
yp-     I p. de« ♦ 2irv' jp-m  Lf(Y) /  ••  de« 

Nomantum: 

• • de» 

(II-9) 

■ -LAv'fCY) / (11-10) 

as 
/ 



Energy; 

;    ii;   ^p.  de.  .  (Y.x) ^i   r p,  de,  . ^.,3 Jf(Y) jjprj 

♦ Lf(Y)   /      „. TCY-T') ♦Y ^r» (AV)21 de* (ii-ii) 

Ideal  Gas: 

(11-12) T. de« * |i;  /      P«  de. 
w •'o 

Equation ^1-10  -   12)   lead to  the   following  system of 
algebraic  equations   to  be  solved  at  each  step   in  tine. 

•lxl     *   a2«2 "  cl 

2 
•3M     ♦   U*3 *   «2       *   «SM (11-13) 

^l     *il**     * Ü xj     .   _ 
Y Y        ^ c3 

a7X2   ♦ agxj  ♦ 2irx4   - 0, 

where (xj, X2. X3, X4) represents ( |l, |£.. II, |£ )respectiveiy 

and a1#...,ag are obtained fro« (11-9,10,11,12). It night be noted 

t..at the i  derivatives are pernitted to chang < with tine but 

renain constant around the annulus at each tine step. (i.e. 

only gross property changes are pernitted in the solution of 

this nathenatical nodel.) 

The integration cycle consists of six subroutines defined 
as follows: 

(1)  Subroutine A.SET deternines the coefficients of 
systtn of equations n-13 to obtain the axial derivative^ based on 
the assunptions that the total nass, energy, and nonentun 
renain constant in the annulus and the axial derivatives are 
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independent of r and 6. 

(2) Subroutine ZPIR solves • fourth order nonlinear 
system of equations for the axial derivatives using a 
second order Taylor expansion. 

(3) Subroutine TDIR computes the t derivatives at each 
of the theta nodal positions using equations(II-1, 2,   and 3). 

(4) Subroutine NADM uses a third order multistep 
procedure, equations (II-S and 6), to integrate the variables 
p, T, and v, and compute the absolute difference between the 
predicted and corrected values for automatic step control at 
each of the theta nodes of the annulus. 

(5) Subroutine THPRED determines theta derivatives of 
the integrated variables for each of the theta  positions 
around the annulus using equation (II-8). 

(6) Finally subroutine SHIFT moves the computed points 
at the current time step to the position of the previous 
time step in order to begin the integration cycle at step (1) 
for the succeeding time step. 

The remaining subroutines can be described as follows: 

(1) REED - reads initial data. 

(2) ORG - initializes print and integration counters. 

(3) RSET - Initializes pressure velocity, temperature 
and density around the annulus. 

(4) AVGE - Forms (PMAX-PMIN)/PAVGE for plotting. 

(5) DRAW - Subroutine to form graphical output. 

Figure 38 represents a graphical presentation of the 
logic involved in the main program«  The routines involved 
in the integration loop are described above.  The teat on 
MPTN indicated in the previous diagram is merely a print 
indicator in order that the print will occur at equal intervals 
even though the independent step may be changing in magnitude. 

Figure 39 represents the input card format for the 
Dynamic Science Corporation combustion instability program. 
The graphical display of the indicated input data is shown 
in Figures 40-49.  Finally, Section II contains a complete 
listing of the Dynamic Science instability program. 
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JL*. 

MAIN  PROGRAM FOR COM8U4TION  INSTABI LlTY^MOpEL  OF.PSC fc 

OIMTNUON ftltöyrHkiioT»   BO(i6»2i#ifti• ART(^OOO»2)» yciot^i.) 
1   >   P(10»21)   »RHO(10»2I)t   T   (10»   21) 

UTTOnüK DTT(lU*21l»DTTH(10»21)fORHUTH(iO*^l)»l>VTUU»2i) 
1   >DVTH(10»21)t   DRHOT(10»21) 

DIMENSION   W(10f21)»   WZ(10.21) 
COMMON  /E/   FC»NM  /&/   BD  /C/  ART 
EQUIVALENCE   (00(2941)»  W),   (80(3151).   WZ) 

EQUIVALENCE   ( BD( 1051) »DTTH)» ( BD( 1H91) »DRHOTH ) »   (tfO ( ^»21) »UVTH) . 
EQUIVALENCE     (FC(1).   TD»   (FCOl)»   TSTÜP).   (NM(4).   MÖAM)» 

,1. ifC{3)t   H) *   (NM(5)»   MPTN2»   <NM(3)»   MALP H   (NM(13)»   ij »   
2 (FC(38)»ZIP)»(FC(32)»XL)»<FC(34)»  XJ)»  TFCCiS).  DtLvI» 
3 (FCC 36)»   GAM)    ♦(NM(7J»NSW) __  

~   MUI VALENCE '(00(631) •     T) »   (SO (§41 ft' On ) •   (B'JT 210ll»  vl • 
1   (80(2311)»   DVT)»   (BD(1471)»   RHO)»   (BD(1681)»   DRHOT)»   (bpd)»   P) 

C FORM        INITIALIZES  COUNTERS  FOR   INTEGRATION ROUTINE 
.£ LEAD   TN  TITLES   FOR  PLQTTINg  ROUTINES   FIX   TITLES  
C EXECUTE     DATA READ  FOR  BOTH   INTEGKATIUN  AND STABILITY   INITIAuIZAT 

5 I   «   1 __ _   _ 
CALL  REED 

 CALL   RSET  
C             SUBROUTINE      ORG    INITIALIZES  PRINT  COUNTtRS  ANU   SLTS   UP   THt NcCfcöi 
C    ARY      INTEGRATION   TERMS^ _  

C SET   UP  COEFFICIENTS   TO SOLVE  FOR     Z      DERIVATIVES 
—TO"—mT'ÄSEr—  
C SUSROUTINh   ZDIR   SOLVES  FOR   Z  OtRlVATIVcO  

ZÄLL     TDTR 

C  NOW  SOLVE   FOR  T   DERIVATIVES p   _        _ +    ' 

C ' NADM     PERFORMS   THE  ACTUAL   NUMERICAL   INTtGRATION 
CALL   NADM   (DRHOT»   RHO.    1) 
CALL  NADM   (DVT   »   V»   2) 
CALL  NADM   (DTT»   T.      3) 

 „CAkL„ItiPR£fi.  
C NEXT   TEST   FOR PRINT  POINT 
 if.l.MfiIWJ_-6.QjA0jL6Jl-__- „. 
C     BRANCH TO 50 IMPLIES PRINT POINT OBTAINED 

50    CALL  A\/GE  
51 WRITE(6»21) (ART(1»J) »J = 1,2)»H.(P(1,J)»RHO ! 1»J).T(1»J)»V(1»J)» 
 lJHSUJ.ijiMLLljJli~J*ljLZn  

21   FORMAT(1NO»3E20.8/(6E18.9)) 
 üaiifii&tÄftj LQjiinjLJj.i^]jiiijj.ijL.pJitiQu^tJi»iii<tLo.miJijAiJL  

1     DVTd»  J).   DVTHd»   J).   J*l»21) 
4ß  FQRHATdHQt    (ftFlfliflll  
52     I   =   1+1 

.£ I£Sl-£jQ&—UÜL-SlOß.  
IF   (TI   -   TSTOP)     60»     55.   55 

.£. STORE ■J?tUNT..RQlfU FQ&—gLÜJ.TINfi.  
55 ZIP     =     ART(1»2) 

CALL   PLOTTING ROUTINES 
.gALk PSAHf,. :  

GO     TO   5 
SUgROUTJNE      SHIFT     yPDAIE§   TERMJ^   INVOLVED  WITH   INTEGRATION 

60          CALL  SHIFT                       , tA 

 GO   TO  10 Jill  
END 

$ 
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SUBROÜTrNT'StTEl)"'^ "    ——- 
DIMENSION  FCCSO).   NM(20).   BD{10.01»15),   WT(20) 

" COMMON"/tr/"FC»NM'7B7üD 
EQUIVALENCE      (FC(1)»T)»   (FC(6)»HMAX)»(FC(6)»EMIN)» 

M- 
1 (FC(9) »tMAX) t (FC(ll)» WT(1))» (KCOi)» TbTüP ) » ( FC ( J^ ) »XD » 
2 (FCI33)»RED)t IFC(34)»XJ)» (FC(35)»DtLV)t (HC(36)tüAM)t 

'TTrc TyrfJÄ^pTr'fFcr^Trsa r"rFT(Ti'r7T£i77?aT^TVDTH")'" 
EQUIVALENCE   (NM(7)»NSW)»    (NM(9).MP)«    (NM( 11) »NU ) » (NM(14 ) .   NL> ) 

"■Dö"ic)"T"V'Y^2ro         
10       WT(I)    =   1»0  

R£AD(   5,20)   T.HMAX,   EMIN,   EMAX.   XL ♦ KEDtXJ t DELV »GAM.AP »SC, VZ ,L>Tri 
1   iTSTOP _ 

"TFT'E'öFT'öüT    9'Ö7l8"" 
20 FORMAT(6cl2.Ö) 
'i ä   1< eXöT" b't7iT'"Ns W'.'""MP","'"NüV'N'5 
21 F0RMAT(4I12)  

XND   =   ND   -   i " . 
 DIÜ„=.6_t.28 31fc_5 3 071/XNp 

1   TSTOP 
"40    F'öTfMXfTIi^nTiliTTH'^^^ 

1   1H    ♦^6HDELV,GAM,AP,SC,VZ,DTH,TSUP/1H   .7tl5.7) 
RcTURN 

90   END   FILE   17 
STOP" 

END 

131 



SUBROUTINE     RSET 
DIMENSION  P( 1U»81) t   DPTH(lü»81).t .KHÜj.lP.»llJ.»„i>Ll^.liP.»«.ilt  

1 DRHÜTl lö.'ül') .' D2T'fHTrd»bi) » 'bÖäütbltiSU   TU'Öföl), 
2 V(10»61).   DVTHdO^l)»   DaVTHdQybl)»   FC(6ü)»   NM(20)  
3 t   DRHOTH(lüf81).   A(8) 

COMMON   /£/   FC.   NM   /ß/   BD 
EoüiVäLE"NCT'<'boa 17'pl'rTööi8i11• D'PTHI ,' (BDa"621>,T) t 

1 (BD(3241).   DTTH)f   (BÜ(4051)»   D2TTM)»   (BD(4ä61)f   RHÜ)» __ 
*'YnTor64¥r)TWHöwrrTFrr54)V'^TH) t (FCijöft* GAM)»''* 
 3   (BD(7291)»   V)»    (MiliiÜi   OVTH)»    (oD(97211»   U2VTH)»    (PC(37)f   AP) 

4,(FC(t>9) .SRO) .   (FC(60) .SCö) »    ( FC( 61) »SCR ) .    ( FC( 3i>) .UtLV) . 
5 (FC(40) ♦DEL2V)»    (FC(64i.BBi»    (FCl^Sj.     ßC J »   (FC (66J »c-Z J .      _    __ 
6 (Fa3"3).   RED).   lFC'l39)*   SC") .   (FCr32)»   XL)»   rFC(34).   Xo). 

 7     (FC(42)>  FGAM)      , (FC(^> «^IP» » (FC(63) .SIP2) .   (FCOB) .I1J>J „ 
6    »    (FC(4}) *   A) *    (FtUl ) »   Vi) 
 EQUIVALENCE    (NM(14).   ND) .   ( NM( 15 ) »Nl) » ( NM( 20 ) »NOD) .   (FC(70)»iJ2) 

1»    (FC(71).   DSO).    (NM(16)(NZ)•(NM(17)»N2)»      (NM(lb).N3) 
2 •    (NM(19).   N4)»   {NM{12).N&)          

"c  
C S_ET   UP      INITIAL  ARRAY ]  . _ ^.„_„_„_„.._v_„..___  

 GAM1   =   GAM   +   1.0 .  
FGAM   «   SQRTF((2.0/GAM1)»»(GAM1/(GAM-1.0))) 

Bß   =   XL^FGAM 
BC   =   XJ»FGAM 
BZ   =   1.3333333333*BC 

SIP2=     GAM«(GAM   -   1.0) 
SIP   «   SIP2/2»0    

ZIP   *     GAM   +     SIP*DEL2V 
SRP   »■  SffRTFC   RgP)  
SCB   =   .6 *SC»»,33333333333 
_S_CR_ 5_ SCB*sqRTF(DELyi*SR_D   +„i»-Q — 
"A(2)   •"6«283iöi)3071»VZ 
A(5)    -     8.377i>8040»GAM*(GAM-l.Q)*XJ»  FGAM 

D2   =   12.0*DTH 
 JLSiL.«..a2fJBJrt., 

NOD  «   10»ND 
 J4.1_.;. Jüß.. - _L_. 

NZ   =   ND  +   3 
N2   =   NZ   •*•   1 

N3   =   N2   +   1 
 M..=.JiL.r..l  
N5   =   N4   -   1 
 C_QfcLl__=„.ljLOy.QAM  

C0N2   =     1.0  -   CON1 
DO   ?Q     I    =   l.ND  
XI   =   I   -1 

_iJ_G f._.ll*DIil  
P(1»I)   «      APttSINFÜlG)   +   f.'d 
_0PTH(l.iL   «   AP»Cp§f UI$l.       
f(l.I)   B   P(I,I )##C0"N2 
RHO(l.I)=   P(1»I)**C0N1  
V(l.I)   =   u.o 

 AUi±ll.ii.L__s..-_CON2./fiidP_aiJJ.*J5P_LH_Llj.lj_  
DVTHd.U    =     0.0 
•DRHOTH(i,I)   =   CONl/Td.Ij^DPTHiljIl.     
Ö2VTHir»n      «   O'.O 

20 D2TTH(1>I)      s   CON2/RHüd»I )»(-CUNl/Pd»l )*  UPTh(l»i )*UPTndtI 
1 +  1.0   -  Pd»I) ) 

RETURN 
END   '     152 
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SUBROUTINE BRC  
DIMENSION FC(80). NM(20). W{20) 

'*TÖMMÖN"7r7"FC'»"NM"  '" 
cQUlVAUNCE (FC(1)*T), (FC(2)»RfeT)» (FC(3).H)» (FC(4)«HO)» 

1 (FC(i)» HMIN), (FCIÖ) .HMAX) . ( FC ( ^ ) »nZDi ) » ( P(. ( b ) »tMi i\ ) . 
2(;-C(9)»EMAX) f (FC(ll).W). (FC(10)»tl)» .•. 
3 ( NM (i) 11MT"t  (7IMT2 J »'iTDkTr'c N'MTS ) • MAL^»• (NMTM »MGAMT»'" " " 
4   (NM(5)»MPTN).    <NM(6)»MPTb)♦    (NM(7)fNSW)t   (NM(d)»NCUu)» 
§  {Kk {9) • MP HTINM (10"»'NV)"'» 'TN'M"( 11) "i   NO J 

C DESCRIPTION  UF   THE   LISTED   VAKIABLES 
C  T   i__TriIS   CELL   CONTAINb _CURRJ:NT   INTEüRATIüN   TIMC 

'C R"<T   ^"stÄRfTlMt  ÜR  PR"EvTü'uS''RUNCrt-ICUTTA   TIME    ' 
C_  H  -  CURRENTLY   USED   STtP   SIZE   IN  COMPUTING 

1 MO - tfUK^TPTiP sizi 
HZD2   -  HALF   OF   STORcD   STEP   bIZE 

C HMIN   -  MINIMUM   STEP   SIZE 
_C HMAX   -   MAXIMUM   ALLÜWAöLE   ST_tP 
"C    '""   EMI N-WMAX  MI N^O^M^rTLLOwXriUE 'ERROR 
C       W   -  ARRAY   OF,WEIGHTS   TO   WtIGH   cKROR   COJ^SIDERATION 
'C     iM -'NCr^"G'ÖüD"'PüTN"TS""FROMi R.iC START 
_C INDR - INDICATOR FOR tRROR uUTSIDE OR WlTHl/M Mlj\ MAX TULLINANCC 
C     MALP - COUNTER FOR RU.\GE KUTTA I NTERMtO I ATc POINTS 
C     MGAM - PHASE INDICATOR -1»PREDICTOR0»R.<  1» CüRRtCTüK 
C     MPTN - PRINT COUNTER, CURRENT 
C __  MPTS - TOTAL NO OF POINTS IN PRINT INTERVAL 
T Näw - 'PinTrf"TT!iül"CÄTü?f'TN' NAW'ToufnTE 
C NCOU - TOTAL NO OF COMPUTED POINTS DUKlNG iNTtüKATION CYCLc 
c 
c 

MP - POWtR OF 2 VARIATION rKüM HMIN TU HMAX 
HMAX, MP» NO, NSW» NV AND A(I) MUST EITHtR bE Rct\0   INTO CuKE uK 

• 
C 
c 

INITIAIZED BY AN ADDITIONAL ROUTINE 

HMIN = HMAX/2.»*MP 
HO = HMIN 
-HZD2 = HO/2.0 

.. tL.r__HÄD2L  
R<T = T 
El = Q.O 

j; FIXED POINT INITIALIZATIONS  

 JÜM„=„Q  
M'ÄUP = 4 

 MGAM__5_jQ       
.„    " MPTN ^ 0   
 iHELS i HQ*Z**W  

INDR = 0 
 ÜCÄU_-=-JQ  

.SL MPTN SET TO ZERO TO PRINT INITIAL CONDITIONS  

 RETURN  
END 

H 
-IAJ- 



— mnpn nn ; ~ :—"r~ 
C _ THIS    SUBROUTINE     CALCULATE^JHE  COEFFICIENTS FOR  THt  AXIAL  
C OEft I VATI VE    PACKAGI: AMD ALSO   INITIATES  THE  W  ARRAY AND  THE  WZ, 
C ARRAY«  

"       ' DIMENSION  FC(eOlt   NM(20)«   BO( 10«81»1S) f ACID» 
 i C(|H itHOcio»iiify(io«iHt Taö»aii>i<iiQtiiiiWZiiö#iii>paQfiii 

2   »AZ(81)»DD(81).   PVD(ei).ÖVD(81)t   BZD(Öl) 
_     DIMENSION  0VTH(10.81t   •   DTTH(10»61)     »D?TTH(X0»81)  

"cSmoH/V "FC"» "NM"   /B7""BD 
EQUIVALENCE (bD(l)» P). (BD(1621>,T), (BD(4661). RHO) .  

1 (BD(7291). V)* (BD(10331)*M)t (BD(11341)»WZ) 
—  2*(BD(8911)-»DVTH) • ( ÖD ( 324n »D T TH } > (bD( 4Q51) »ÜZTTH) . 

" EOUI VALENCE (FC()3)* RED)« (Ft(39). SC). (FC(33)t DtLV) • 

1    (fiiii)! wSXm»    (TCTM»#    SSiTTf    (FC(4|)*   AT»  rFcTfTTTci 
 3   »(FC{59)*   SRßJj   (FC(60)tSC6)>(FC(61)»SCR)f(FC(62)»S1P>t  

4   (FC(38)«   ZIP)   *(FC(64)VBB)»(NM(14)*  NO) 
5»(FC(63)»SIP2)f   (FC(65)tbC)»   (FC(66)»BZ)    .   

DO     40        I   =   ItND 
BVDC I )   »   Rt-iCMl.D*     Vd.I ) 

PVöü» ■ Pi'H'n^OVTHilti» 
DDd)   «  DVTH(1»I )»»2  
BZD(I)   =   bVOd)»DTTH(1.I) 
IF(RHO(l,I))   6O»20.2O 

20  W(1»I)   »    (2.0+SCb»SQRTF(RhO( 1,1) )*(V(1.I )**2*DEL2V)**.250#SRi)) 
1     /SCR   

....—Aiin «w(r.Twrnn"#*2  
40 WZ(1»I)      »     W(1»I)*(ZIP-     TdtD)  

INITIALIZATION     OF      A-   ARRAY      tMPLOYING     W-   ARRAYS 
 A(l_)    =_WEDp(RHO)  ;  

__. wfNfV wEob TwT 
C(l)    =  Bb «WINT I 

A(3)   »   (GAM  -   1.0)»   W£D0(P) 
A(4)   »     VZ*  A(l)  

—4. 

BAb  ■   WbOS(AZ) 
BAD   ■   WEDS(DD) 

BAt   •  tteOS(PVO) 
BABE   ■   -WEDS(bZD_) 

"*~FrNT'="BZ'*s'rp"*B"ÄD 
FINK2   =  SIP2*BB*BAb 
FINIC4   =  -(GAM  -   1.0)*bAE 
FIN<5   =   BC*WEDD(Di.TTHJ __ 

A( 6)   »At 4) "+" WEÜ'JT DVT'H ) *sTp*öZ 
C(2)   =   bb»WE0D(WZ)   ±   FINK   +FINK.2   +>INIC4   +   DADt-fFlNO 

ÄTTT'VwEDom    "      "' """ ——— 
A(8)    =     A(l) 

C(3) « -C(1)»DELV 
RETURN 

60  CALL DRAW ' 
STOP 

END    

+* 

A- 
IU ^  if 



 FUNCTION WtD5(BJ !  
C     THIS FUNCTION tMPLOYS WtODLtS RULt_JO EVALUATE THt INTtGRAL(Of^PI 

blf4tMSIUM öT8T)V"?CT8Crr."NM(2ÖT " 
 COMMON /£/ FCtNM  

EOUIVALENCt (NM{lJ))f Nl) ♦ ( PC ( 54 ) t DTH)  '. 
SUM = 0.0 

DO 30   I = ItNl.S) 
30     SUM «  SUM +  38.*B(I) +75.»(b(I+l) ♦ b(I+4)) + bO»*lDll+d)   + 
~~T BTIV5TT "  

WEDS = I?.0*DTM/28ö.*SUM 
RhTURN 
END 

ÄJf- 

135 



FUNCTION WEDD(A) 
C     THIS FUNCTION EMPLOYS WtDDLES RULE TO EVALUATE THE INTEGRAL(0»2PI) 

DlMrNS"lüN"AlYÖV8r)"V'bTöT)V'ycT80'r»"NM('2Ö'r ~" 
 COMMON /E/ FC.NM  

EQUlVALENCt INMdb). Nl) . ( FC( 54) .t)TH ) 
DO 10 I = 1.N1 

icT     BTI T" v'Tri vn   
SUM   =   0.0 

Dir so    i""«"'!»"Nr» r  
30 SUM  =     SUiM   +     38.»BID   +75 «* ( B (I-H )   ±  b ( H-4 ) )   »  50.»( ü (I-*-2 )   + 

1 3(1+3)) 
 ^A?i^_A_Aiii-P_IrL/i.§3_,.?-Sy_M    

RETORN 
END 

11* *f$ ; 

 i 



..»öfail kitlSSMSP. »«(»«**■-•«■- V< rifc«'^*^^ 

■ ■■■■ 

^1 ^>t ^fc^nt ^it <rgiiiit 4^1 vtr 
^ii»< IMOTB 

UPI  m €(21   ♦UI71/AI2I#C(H   -     QAmCttlfVl 
ItPt ■ -A(3)   •MA(6)/GA« - AI7)#A( 1)/A(2J »»VZ 

im  ■  A5»QZ/ZIP2 
-JLULLJ!j«»UtÄ_-t.ilZ^itP_*J-l*J3„t_pZZJi   

X<11   >     (Cd)   -  A(l)»X(ln/A(2) 
' MÄCJJUL±JLr&^-tAtM±A.LlJ-tAlll/AlJLiJLtX dI  -M 71 »CU}  /A (2 LJ  

>   /A(ti 
„ ■    RETURN  

Kit   
END 

— 

»kJ- 

^ 
e^"> 

i^. 

, 

117 

• 

, 



duonwuiinc.      IWAIN ~   ~ ••-   • -*      .•   
THIS ROUTINE  COMPUTES 7Ht  PARTIAL DfcRlVAtlVbS XlTH RtSPECT  TO T ^ 

DIMENSION X(4)«   B0(10«61.1i>)t   DRHOTdOtdl)*  OTTdOtttl)« 
1  DVT(10»81)f  RHOdOtBDt   DVTH( I0««1 > tDRMOTHdOtBD«  \miO»»i)*  
2 BFrnrnRfn* rafmrartrrn DTTRaö^D* Frornr; DiTT^Möfrir;  
3 WZdO>ei)   t   VdOfSD*   TdOtSD»  FCCBO)»  NM(20)  
COMMON /£/ FC»NM'/B/ BD 
EQUIVALENCE (BD(1) » P)t (bD(ail)« PPTH)t    

1 (BD(1621)tT)* (BD(2431)tDTt)t (bb(3241)« DTTH)* (bO(40>l)« U^TTH) 
2»(BD(4661)« RHO)» (BD(5671)» DRHOT ) ♦ (BD(64B1)» PRHOTh ) t ; 
3 (BO(7291)t V)» (BD(BlOl)t DVT)» (BD(B911}* DVTH)t 
4 (BD(9721)» D2VTH)» (BDd0531) »W) » (BD (11341) «»(Z)  
EQUIVALENCE (FC(32). XL)»(FC(34)» XJ)• (FC(33)t RED)» "^ 

1 (FC(41)»  VZ)»  (PC(42)« FGAM)« (FC(36)f GAM)> (FCC&i))» X_? ' 
^»(#d(64)*B6)*(FC(65)«BC) • (FC(66)»BZ)* (tC (62 ) »^i^T• (^(63 ) TnwTT    ' 
3  » (NMd4), ND)  

BA ■ VZ*X(2) 
BE * VZ#X(3) 

C     THE DERIVATIVE OR RHO WITH KESPECT TO T -  THE CONTINUITY tUUATIUN 
C     THE MOMENTUM EQ« - THE ENERGY EQUATION          

'    '"" DO 40  I« 1» ND 
 DRHOTdtl) •  -RHOdd )»(DVTHd>I ) ♦ Xdn  - V(l»l )»DRHOTHd»I 
"      n   =^7;  + W{I»I)*BB 
 DVT(1»I) ■ (-(RH0(1»I )*DVTH(1»I ) -f BB»W d »I ) )*Vd»I) -  
""    2    DPTH d. I ) /GAM +BZ*D2VTH d . I ) ) /RHO (1.1 ) 

40     DTTd.I) «  -Vd»I)»UTTMd»I) -bt + ( ( i. -OAM)«P ( i» I )♦ (uVTnd» 
 in* mnvgcwTTHd«!) •«- fis^wzd«!) f vtHifz «ruvrHnTT 
 2)»»2     ■*•   X(l)»(Xd)   -  DVTHddJJJ   *     Bb»W(l»I)»SIP * 

3     Vd.I )**2)   /RHO(1,1) 
 RETURN    „    

END 

** 

»L_ r 

)% 



DIMENSION YP 
"'COMMON /T/  F 
EQUlVALENCb ( 

s*Ao)A.iiSimxJJiLmj.MiMii.jiinAQx  
C.NM 
FC(3 )»H)»   (FC(ll)tWT)*   (FC(lO)t   ED»   (FC(9)»   tMAXjj 

^.--.- 

„_ 

c 
c 

'c" 
c 

1 (FC(6)»   EMIN 
2 INM(_3L»._!1A_LP 
"*##"##'»#'#♦♦"•»*'« 

MGAM«-1»0.1   I 
""MAL>"-TN"DrC"ÄTt 

NSW-   PRINT   SW 

)»    (NM(2),   I NDR)*    (NM(7)t   NSW)*    (NM(4)*   MGAM)* 
)... »iüü(.2_Q ) »...NOD.)  

NJlCATtS   PKcülLTuR-KUN(jt-K>UT7A   ÜK   CURRtCTORPnASc 
s"p'tRf"OP'"R'üN'G£""<UTTA 'PHÄSt 
ITCH   FOR   ERROR   INDICATION  

.-,,* * 

'V 

— 

C 
c 
c 

.£.  

El - CONTAINS 
YP - ADDRESS 
T~""ÄD DRESS" 

"IT'TSöÄM'T'^O"* 

MAXIMUM ERROR FOR EACH CYCLE 
OF DERIVATIVE__ARRAY      __ _. 
oT'f H E'ÖR'D I NÄ T ifÄRR AY "*" 

""iü"r"'6"ü 

c 
c 

THIS   ROUTINE 

TF(MALP""-~2T" 
<' = _4_ ".MA 

""DÖ""i8~T"=" 
J = I + K 

EMPLOYS A FOURTH ORDtR RUNGL-KUTTA STARTER 

LP  
I'.'NOD.TO"    ' "  " '"  

10 
15 

18 

3 

20 
22 

Y(1+9) = Y(J) + H*YP(I) 
GO TO 99 

Y(I+9) =_ Y_ 
■GÖ"T0""99 

l»NOD»10 
(1 + 3) + h/6.*( YP ( I )+2.«(YP( I--1 ,-r,,- v-+2) ) + YPII+J)) 

^Wi 

k^-' 

c 
c 

40 
42 

ADAMS BASHFOR 

"OÖ'V2'"T"="" 
Y( 1+9.).  =   Y( I; 

"GO"fÖ   99~~*" 

TH   THIRD   ORDER   PREDICTOR   FORMULA 

nNODTio" 
+   H/12.0*(23.0»YP(I)    -16.0*YP(1+1) +ä.0*YP{l+^)) 

*■>(■■»»** x-** >■«•■)(-*■•»■■;.- 

C        ADAMS MOULTON THIRD ORDER CORRECTOR FORMULA 

60 DO 98 I = 1*NOD*10 
,_JtiJJ._r_-Yn_+aj--+--Hy_U.il*_L&-.-Q*.t£.LJ_L„t_Aiil*l.ej.l±.lJ. 
E = AbSF(Y(I) - Y( 1+9) )^WT(K.<) 
 IF(Y( I ) )  7ü> bO» 7n    

.r_-YPi_l+ZiJ- 

r— 

•flte 

70 
Afi. 
55 

C 

t   - 
...IF.L.Ä 
IF(E 

RELA'TT 
ALLOWA 

£/AdSF(Y(I)) 
_-_£MAXJ„^i-_95.i-_S5.  
- EMIN) 98, 37, 87 

VE ERROR CHECK-BRANCH TO 99 INDICATES ERROR SMALLER THAN 
BLE ERROR-ADDING ONE TO INDR INDICATES VARIABLL wITniM  

C ERROR ALLOWED 

"STTNOR «""YNDR   +"I 
IF(NSW)    88,   9b,_   88 

"88'    WRTTT   ('6,2)      K.K 
_2 FORMATCIHO,   8HVARIABLE,    13,   IBHwlTHlN   LIMITS) 

- i— 

■ • 

GO   TO   98 

"C OlJE"'MUND"RE'D'Ts"s'Jö'f^ 
C        „t_RR_OR__L_I_M_I_TS__. 

95     INDR   =      INDR   -   100        

97 
IFCNSW 
WRITE 

TORMAT 

)   97,   98,   97 
(.6,3)      KK _ _   _JL3A       
(1H0*   8HVÄRIÄBLE,    U*   ^OHOÜTSIDL   ERROR   LIMITS)" 



>, 

C     El CONTAINS MAXIMUM tRRüR OCCURJ_NG__Dyj^lNG_jH§„^i-_t. 

98  £1 = MAX1F(£» El)  
 9^ ft£TuRN  

END 

*'X' 

SUBROUTINE AVGE 
DIMtNSION P(10»81)tFC(80). NM(20)»BD(10t81»15)» ART( öOO'J) 

COMMON ART 
COMMON /E/FC.NM/B/BD 

1 
EQUIVALENCE (FC(1),T}» (ÖD(1). 
(NM( 1A) » ND) ♦ (NM( 15) »ND 

P)» (NM(13)» IU) 

XMA = P(l.l) 
XMI =  XMA 
SUM =  XMI 

DO 10 I = 2»N1 
SUM = SUM + 
IF(PI1,I) - 

P(l.I) 
XMA) 5»10»3 

XMA = P(1»I) 
GO TO 10 

5 
7 

IF(P(1,I )  - 
XMI = Pdtl ) 

XMI )  7» 10» 10 

10 
XN 

CONTINUE 
= Nl 

SUM = SUM/XN 
ART(IU,2) = (XMA - XMI)/SUM 
ART(IU»1) 

NN = N1/4+ 1 
ART(IU»3) = 

RETURN 
END" 

P(1»NN) 

 :> 

140 



'SUBffPUTii 
lOYING 

[NE     TWPRED 
EMPLOYING  THE  RESULTS  OF   THE   INTEGRATION JTHIS  ROUTINE ATTEMPTS  TO 
CÖMPÜfe""fHTIHtTÄ'"'DERTVATTVIS'IDP""  fPTb    N+I        ^ANNULUS 

DIMENSION  PC(80)t   NM(20)»   bO { lOtöl, li>) ,   ORHOTM (10. öi ) » 
T OVTHtlO»bl)t   D2VTH(10.Öi). 
2  DPTH.(_10*81)» 
T" T do. STTTTÄl 9077 AB (95' 

COiMMON   /E/   FC.NM  /B/dD 

QTTH(lO.bi).  ü2TTrt(i0.öi)» 
P(lO.Öl), RMÜ(iO.Hl). V(lO.bl). 

ÄcfTVöT"^      ——— ——- 

EQUIVALENCE (BD(1), P). 160(811). DPTH). (80(1621)» T). 
(BJ(3241)> DTTH). (BD(4Q51). D2TTH). (00(4861). KHOj» 
(E.D(6481) . 
(B0(9721}. 

DRHOTH). (B0(72yi). V). (bD(89Tl)» UVTH). 
D2VTH). (FC(54). OTH). (NM(4). MGA ) 

3 
3, 
~4 .(NM(14) .NO) ♦ JNM(15). Nl) . ( FC ( 7ü) .02 ) . ( FC ( 71) .i)SU) 
5 »(NM(16)»N2).(NM(17).N2)» (NM(18)»N3). (NM(19)»N4)»(NMf12).Nb) 

10 
IF 

J = 10 
(MGAMJ  10, 10» 12 

K   = 1 
GO TO 13 

12 J* 1 
K = 2 

13 AA(1) = 
AA(2) = 

RHQ(J,Nä) 
RHO(J,N4) 

AA(3) = 
AB(1) = 

RHO(J.Nl) 
V( J,i\i) ) 

AB(2) = 
AB(3) = 

"TTcnr 
AC(2) 

V(J»N4) 
V(J.Nl) 
T( J.iO ) 
TlJ.N4) 

DO 
AC(3) 

20  1 = 
=  T(J.N1) 
4,NZ 

20 

AA(I) =  RH0(J,I-3) 
AB(I) =    V(J,I-3) 
"Ac (17'"=  TT J7i - ST- 
 AA(N2) = RHOjJtZ) 

AA(iM3) = RH0(J.3) 
AB(.N2) = V(J,2) 
AB(N3) = V(J,3) 
AC(N2) =  T{J,2) 
AC(N3) =  T(J,3) 

C      FOURTH ORDER STIRLING  CENTRAL DIFFERtNCt FORMULA 
. „_   .__.__.„  _„__„„.„.. _, __ , „^ 

DRhOTHCJ.I) = (AA(I+1)-Q.0*(AA(1+2) - AA(l+4}) - AA( 1+3) )/D<: 
DVTM(J»I) = (AB(I+1) - 8.0*(Ad(I+2)-AD(I+4))-Ao(I+5))/D2 

DTTHtJ,!) = (AC(I+n-8.a»(AC(I+21-AC(I+4l) -AC(I+5))/D^ 
D2VTH(J,I) = (-AB(I+1)+ 

-L___rA3jLljL5J_lZD^i  
16.0*(AB(1+2) + Ab(I+4)) - 30.*AB{l+i) 

W 

25 D2TTH(J,I) = (-AC(I+1)+ 16.0»(AC(1+2) + AC(I+4)) - 30.*AC(l+3) 
 il...vAU.I±J5.}.lZG5fl  
35   DRhCTH(J.ND) = DRHOTH(J.l) 
 DVTH  (J.ND) = DVTrl (J,l)  

D2VTH (J.ND) = D2VTH(J,1) 
_    __  DTTH <J.ND)  = DTTHUjJJ    .  

D2TTH(J.ND*)  « D2T'fH(J.l) 
   . DO 50 J. =  l.flD      _       • _ _ 

P(J.l) =  RH~Ö(J.f) * T(J»I ) 
 DPTH (J.I) = RHO(J.I )»DTTJi( J,i)  +  T(J.I)* DHhüTn ( J . i ) 50 

— 

RETURN 
END JJÜL 

I 

« 



SUBROUTINE SRTFT [ 
DIMENSION     FC(60)f   NM(20)»     BDdZl^O)      ■ 

COMMON JV fC9'm /B>'¥D '. 
EQUIVALENCE   (NM( 5 ) »MPTN) t (NMU) tMGAM) t   (NM(3) ,MALP) » 

i rRFmrrnrn rFrnrnnrn rnrrrnnnJiTf nürrnriwri rrrnTtwn 
2   < FC (1)»T) t   «NMtZM   I NDR)» _<FC(10)»   El) » J^NMC 8) »NCOU.) »        

~3   (FC(6) •  HMÄX') •   (NM(6)VA^T5) •   (FCTSTVHMTN) » "(FCmV cMAX)»   •    "" 
4     (FC(2)»RKT)»   (NM(20)»   NOD) 

C SHIFT   UPDATES   THE   VARIADLLS  SO  TnAT   PKÜPbR  PQSITIONlNfa  
C OCCURS  DURING   THE  PROPER   CYCLE 
r »»»»»»»»»»**»*»»»»»*»»»»»»**»»»»#»»»»»»»»»♦#»»»#»»#»»»»#♦»»»»»#»« 

IF   (   MPTNl   15»   10»   15   ~ '" 
10 MPTN  -  MPTS            __   
15     MGAM""=   -MGAM       "'     
 IF(   MGAM)   6Ü»   20»   60  

20      IF(   MALP  -   2)   25.   48»   4b 
; 25      IM   =   IM  +   1    

MPTN   =  MPTN  -  1 
_NCgu_j=_ NCQV  *  I 
IF(   3   -   IM)     35»   30.   30 

30     MALP   =   4  
H   =   HZD2 
GO   TO  40 

35     MGAM   =   -1 
40   DO     42   J   =   1»15 

NZ   =   (J-l)   *  810   + 
NZZ   =  HZ   +  NOD   -   1 

DO     42   I   =  NZ.NZZ.10 
 BDd-i-l), =   BDCIfS) 

BDI I+2)   =   BO(I+4) 
JöP_li_t3.L>=„B0_Ü+.5j_ 
tiD(I+4)   =   BD(I+6) 
6D(H-5)    =   BD(W7) 

42                      BD(I      )   =   BD(I+9) 
 RE-IüSä .  

^L SJUf-IiM.fi.CflJ&S AF.JER...PJSfcPIClflS-aCLL.lä..CQMfikEIfc  
Q *#«*«■#«»«♦##«*♦««♦♦♦#♦#»♦«♦*«####♦♦#«♦♦♦##♦«##»###««■####«»♦#♦###♦ 

 40   MAI P   =   MALP   -   1  
IF(   MALP   -   2)   55»   50»   55 

.JiCL.tL-=__d£  
GO  TO 65 

.^5__I-_r__I„+-iJ2J22.  
GO  TO  65 

6"     T      =   T   ■)•  H 
65   DO     75   J   =   1,15 
 MZ.* tJTlll.,»,flIQ..t..lI  

NZZ   =   NZ   +  NOD  -   1 
 Ck ..75, L...« NZiN^tlO  

BD(I+8)   =  BD(I+7) 
öD(H-7)   =  BD(H-6) 
BD(I+6)   =  BD(I+5) 
öDC+S)   =   BD(I+4) 
3D(1+4)   =   BD(I+3) 
BD(I+3)   =   BD(1+2) 
dD(I+2)   =   BD(I+1) 
DD(I+1)   -   BD(I      )  

75     BDT!      )   =  BD(I+9) ***" 
RETURN 

«#»#»»♦♦♦###»«###♦«»♦#»##»###»#######**#»#»#»#♦«##«»###»♦##»#»»♦# 



THE FOLLOWING STATEMENTS EXIST FOR CHANGING THE STEP SIZE 
»«««»««»«»««««»«««««««««««««»««««««»••«««««««««««•»««««•»««•««««A 

'8ö"*iifrfNDRT'iTirr'i3'5V"r2b " ' 
125 MPTN = MPTN - 1  
130  IM = IM + 1 

INDR = 0 
ET'V"O;ö         " " 
NCOU = NCOU + 1 

 "RETURN" "'           '""""""  '"         

C     DOUÜLt THt INTLKVAL IF POSSlbLt. 

" "l"3 5""iy(YM'"-"lT"Ü5'»''l4'ÖV'l40" 
149 <Z. f.Ap_IiN./2.  .    

IF MPTN IS ODD THERc IS AN EVEN NUMBER OF POINTS LEFT TO COMPüTt 

155 IF(MPTS_- 1) 125f 125_» _160 _ 
160" MPTS = MP"TS72 "  

MPTN -   MPTN/2  
IM = 5 

DO  165 J = l.,15 
Nz"»"(j"i) * ä'fö + i' '  '~     ' " 
NZ2 = NZ + NOD - 1   _   

DO"
,
T65"T™ NZ7NZZ7Iö 
oD(1+1) = DDI1+2) 
BDd+Z) = 00(1+4) 

 _3D_LLt3j_.=—£.?J_l±6J. 
„_   "~i6l"   '¥5Ti+4")'"«""ßb (f+81 

Gf^/ 'H = 2.*n 
l.ti- 

GO TO 130 

hALF THE STQP SIZE  IF PuSSloLt 
* * # * * * * * * V *" * * * •»- W * * W * X "A" Tf ^ VC •{<■ >t -if 7C * Vf ■>(■ * 

T75 rF(TH~HTilNr7HMTNT'T25~r~i2~37'l'6Ö' 
;<?.0   N _f   LCGF(E1/EMAX__   +   1.)/.69.314710Ü5 

'~'ÖÖ~'i8"5"r"ä""l7N""  
<   =    I 
IF(H/2.**K   -   HMIN)    195»    190»   185 

.05      CONTINUE 
190      N   =   K 

GO   TO   20_0 
" 19 5""" "N""= ~K "-1"" 
2CC        MALP   =   4 

MGAM   =   0 
IF(    IM   -   4)   210.   215,   210 

210      T   =   T-H 
R<T   =   T 
NN"»" 1 
GÜ   TO   210 

215      7   =   RKT 

2i5_  y1pTS = MPTS*2*?N_ 
MP~TT\ = M7pfN*2**N'~ 
DO   222   U   =   1.15 

NZ   =   (J-l)   *   610   +   1 
NZZ___=_NZ   +  NOD  -   1 

'DO " 2"2~2'T" =""NZ'7NZ"Z 7l Ö'"" 

JU). 



222 

/ 

W*   I ♦ NN 

nO/= H/2.**N 
H/D2 = HO/2« 
9 = h^JI 
/IM = 0 

/ INDR = 0 
J   RETURN 

EN 0 ' ' 

—~u 

/ 
-J- 
I 

444- 



SUöRüUTINt DRAW 
DIMtNSIoN AkT(8Ü0»3) »Ab( 8^ »40^ t .F_C_(.bO |.»NMI 20]„t_bCi._3j.»ö?.(.JJ.». 

T   'Äc'('bi) 
CÜMMUN   AKT» Au 
CüMisUN   /c/   rc»   NM 

tuui VALIII\CC  (NMiii)»   Irtj.i  ' NM (i0j_«i>_^)  _»..JAM-( lit.L»-^y.L-».iA,!lJ.L:LL».^i-L 
YYPt'"iNTtöt'K"'öcV'üJ ' - -     --- 

JZ   «IM 
"~xNi"=""NT     "'"  
 DX   =   6.^B3^/XN1  

AC(1)   =   i.000 
___ DG   4?   JM   =   2_»NL)  
42'AC( JMT V'^cl Ji^T) " +"Tx"" 
 NZA-_a„A?J.i^.4-»„ 1J„ t. it o  

'"MÄVfl^ül^'XbVcllsSA'"AUÜir" "'" ——— - — 
       XMA   =   NZZ    S   YM   =    C.O                       

DO   20   I   =   1.   JZ 
ARTn_»l)_=   7.0/_XM_A-ARTiI ♦!)   + _1 ._0. 

i FTAR f rr, 2)    -"YM"'^ d r'2 o'»"'iü"~' 
10 YM   =   AK_T_( I_,2) 

'ZO'      CLiNTlNÜt   
YM   =   iO.O*YM 

NZZ   =   YM 
YM   =   NZZ   +   1 

YiM"s""YM7ib~u" 
_ YKI   =   0.0 

" s'cTiT «'öh "f TH' RÄ~iöC ( 2')'= TnÖTÄNS'       *   ÖC (yTV'bM " 
oD( i )=oh(KMMX-PMJb   DU( ^ ) =ohli\i)/PAVo   »   ouii)   =   öMc 

CMLL   ukMHn(MKT( 1» i) »ART(i»2) »XMM»ü»ü ♦ YM» ITMI » J4 »öC »ö^»   -i) 
.y2i_™i.iP—J_-YM/I«_Q  

"yMT"V'7Jo"'-"YM -rVöö'öo'üo'Is"      " 
.^_Ji_ii»ilQ^.  
"Dö"Y3Y'T'=" f»jz    "'"'         " " 
IF (ART(I;3) - UO) 232. 232« 231  

231   UO = ART(I.3) 
.2.3 2 CÜN_TiÜUc  

'IFTÜCJ'- YI">"2'34,""2 34, l'il' 
.2_3 3 NZ_ZZ___=.i.y._*UO__t__l_»_Q.  

UO = NZZZ 
 YM = üO/lQ.U  
234   CONTINUt 
 öJ}(l)A>-iMAXjJ^Uj^.Jfc_j5D^^^   

"CÄLL GRAPH ( AR TI 1.1) ,AR'f( i.3).XMÄ.Ö.Ö»YM,YM'l , JZ .DC .DD »-i ) 
 JA.JL.h.^  

'ÖC ( 1 ]"'=' örTfHETÄ TN"* "DC ( 2T"=~8H 'R'ÄDTÄN's'~i~"DCrr3T-="öti " 
bD(l)   =   anPRcSSURt   ä>   DD(2)   =dH   n/AV£   Pfc   i   DD(3)   =   öh .    , <o, 

DO   62   L   =   i»NN»i> 
NZN   =   L 

CALL GRAPH <AC.Aö( 1,NZN).7.0000 .0. 0.YM,YM1. JZ.öC.ßD. + i) 
DO 60 I =_1»3 
JL a"T"+ 1 

NJN = NZN + I 
60 CMLL oKAPn (MC.Aö(1.NJN).7.0000»ü.0»YM.YMI»-JZ»DC.HÜ.JL) 

NZN = NZN +_4 
'6 2'"CATC' GRAPH"TÄC'» ASFl t NZNTVr.'üÖ'dÖVÖVÖVYM"» VM'^-JzVbC .'cTÖV-5~) 

RtiTURN 
F'\5 w 

-H4- 



SUSROUTINk SRAPHUB.OOM.XMI.VMtVM.JZ, WOT, dCV. «ST 
DIMENSION AB{800)»  0R(800)f   BCXJ3)» _BCY(3)t   FCtSO) tNH(20)>  6(^00) 
CWIMÖN"7E7FtfWi ~ ' 
EQUIVALENCE   (FC(32)»XL)   »   (FC(33)i   RED)t   (FC(3»)>XJ>t 

_2. (NM{10)»NJ)    __  ; __    
DATA (M^"üi    ~  

C     UNIT 17 DESIGNATED  FOR PLOTTED OUTPUT (EQUIP»17«»».SV • 
 TTTMrrTrTrr '  

8     CALL PL0T5( Q» 400, 17)  
MZ = 1 

 MZNM s NJ - 1   
C     SCALL ORDrNAfE~VAL"ut"S~dF"T"NCo"M"l N(J D'ATA 
__  9   NPT = XASSFtJZ)  

f5TT « XABSFCMSf  '   "" "    "     
DIF = 9.0/(YM - YMI ) 

DO 14 I = 1, NPT 
14     0R(I) = (CRil) - YMI)»DIF  + .5000  

DATA SCALED  FOR  NINE INTCM ORDINATE 'FR'AME" 
IF(JZ) 70. 15» 15 

15   NZ = 0 
ROW = 2.5 

SIGMA   =   (YM   -   YMI) 
SIG   =   1.0  $  SIG1   »   .10 

19 IF(SIGMA   -   SIG)   21» 21»   20 
20 YB   =   2_.0*S_I61    

GO"TÖ" 25" 
21 IF(SIGMA   -   .50*SIG) 23»   22»   22 
22   Yö   =   SIG1 

GO   TO   25 
23        .    NZ   =   NZ   +   1 

„     SJLG „r  1.0/l<2«Jit»N4 
SIG1   =  SIG/10.0 
 GO   TO   19  
25   YZ   =   DIF»YB 

JL SCALING  PARAMETERS  HAVE   riEEN   SET  FOR  ORDINATE  
C             SET   PARAMETERS     FOR     ABSCISSA   SCALING 
 XLA f ML  

XAB     =      1.0 
 DIF      =   7.Q/(XM   -   XMI )  

STG   =10.0   $        SIGMA     =   XM   -   XMI      4     ZM   =   1.0 
 Zl. Lill.JiJJaiA r I0«0«2M1 Iflj—aüi-ZA  

28             ZM   =   ZM   v   1.0 
 -QiULQ.2I .  

30             XZ   =   DIF»ZM 
 äJLJS S   XAfl   -.07  

BEGIN   ABSCISSA     PLOT 
 CALL MUMflER (,Xi..0*35t tQ7t XLAi. QtQt  ^HF<nl) 

CALL PLOT (XAB» 0.5» 3) 
 CALL PLOT (XAB. 9.S. 2)  

XAB = XAB + XZ 
XLA  = XLA •<• ZM  S MM = 2 
Ir(XAd - 6.0001) 34. 34» 35 

34     CALL PLOTCXAB» 9.5» 3) 
"""CALL PLOT(XAB» o.T,'"2"r 

X = XAB-.07 
CALL NUMÖERIX» .35».07» XLA»0.0» 4hF4.1) 
XAB = XAB + XZ  S XLA = XLA +ZM i   MM = 1 
IP (XAB -8.0001) 31, 31. 35 

35   X = 8.0 + XZ - XAB 
ZETA = XZ/2.0   $ ZEB = XAB - ZETA $XLA s XLA-ZM/2.0+.000001 

 *Ai  



SJITKOUT 1 Nt "ßRAPH"!Ari^uRTXT«!#x*i♦ YM#VHi tJl't  BCXf'TTf"»" «"SI l'öxö' 
u I WE.'^S I ON     Ab ( 3p_C j_»__ ORJ_8_ÜO )_,   BCX j_3_)_» JiC_Y ]_3J_,__ F_CJ_8^ ) »NM ( ^ Q it _ 6 (kOpi 0.0^0. 

'"CuKnviü"\"7"£7'r(r»NM 3 0 
SwjlVALEiNCt   (FC(32)»XL)    >    (PC(33)»   R£D),    (FC(34),XJ), 0040 

1   (rCTbö),  oAM),   rFUnTTTÜEXVTTTFrr3'9),iC)»   INMIi-j),   IW] CtüäTT 
(     2,   {NMdOJfNJJ 

""DÄt'Ä_TMr='G)'     öü" 
UNIT 17 OLSIGNATED  FOR PLOTTED OuTPUT (hOUIP♦17=**,SV) 0070 

• 
0 

""TrTMZ-jTT, 8» 9 
CALL ?LCTS( G, UOO,    17) 
MZ = 1 

XZNM a NJ - 1 
100 

9 
S CALL üRJi(\ATt VALULS OF iNCOMlNo DATA 

MPT = XADSF{JZ) 
Oliu 
Uo 

NCT * XAbSFlMS) 
DIF = 9.0/(YM - YMI ) 

150 
140 

DC 14 I = 1, NPT                                                    0130 
14     GR(I) = (CR(I) - YMI)*D1F  + .5000  01_b0 

'DATA SGALLD   FOR "NINE INCH "bl?oTN'ÄT"t F^AM'E"   "'üITO" 
IF(JZ) 70, 15, 15                                                     173 

15 NZ = 0 
ROw = 2.5 

IcO 

SIGMA = (YM - YMl) 
SIG = 1.0 S SIGl = .10 

l^u 
0200 

19 
20 

IF(SIGMA - SIG) 21, 21, 20 
Y3 = 2.C*SIG1 

210 
220 

21 
GO TO 25 

IF(SIGMA - .5C*SIG) 23, 22, 22 
230 

0240 
22 Yd = SIGl 

GO TO 25 
230 
2o0 

NZ = NZ + 1 270 
_S1G s—l.'.yJ-lSliO.t^jil.    _         ,.. lo_g_ 
SIGl = SIG/ICO 2V0 

 GO TO 19 300 
25 YZ = DIF*YD 310 
 SCALING PARAMETERS HAVE BEEN SET FOR ORDINATE _Qi.40_  

SET PARAMETERS  FOR  ABSCISSA SCALING 03^0 
 XLA r AMJL 03.40.  

XAB  =  1.0 0350 
 DIF  = 7.Q/(XM - XMI1 0360 

SIG =10.0 $   SIGMA  = XM - XMI  »  ZM = 1.0 0370 
.2.1. lf.L.Jil.Qh\A..-.±DjL0*Zm...2LQj..2Sli..2ß. JQ3_«IÖ.„. 
23     ZM = ZM + 1.0 390 
 Q&JSL2L büQ  
30     XZ = DIF*ZM 410 
3T X  =   j -.07 4^0 

BEGIN «BSCISSA  PLOT 4^0 
 CALL NUMBER ( X. 0.35. .07. XLA. P.O. 4HF4.1> Ü^4£L__. 

CALL PLOT (XAB, 0.5, 3) 043U 
 CALL .PJ-Ql-XXAQju-SLtZLx-JLi SiäkQ.... 

XAB = XAB + XZ 470 
 XLM  = XLA + ZM  5 MM = 2 Q4a0 

IF;AAD - b.COCl) 34, 34, 35 04^0 
Ji4    ^CAUL. PLOT (XAB, 9.5, 3)  .C50(-' .„      „_„_^™__™__--_-____„_ _    oHo ~ ' 

X = XAB-.Ü7_ __  5_20 
CALL NUIMOE'R ("XTTS'ST^0"7","x"LÄ70. 0» 4HF4« 1)       " '' '     ^''      "0530 

 XAB = XAB H- XZ  S XLA = XLA +ZM $   MM = 1 ■ 0540 
IF   (XAB   -6.0001)    31,   31»   35 ÖTJÖ 

1L.   x_= 8,?_l_xz " XAB  ^ö0 

"zl'TA" =' XZ/TVb    """$   ztB  *  XAB  -~ZETA sTxLÄ  *  XuÄ-ZM/i.O-fVÖOOOOl QbTü 



37 
IF(Z£b - 

XAB = 
6.0001) 
ZEB 

37. 37« 36 

! 38 
GO TO (31. 34) MM 
ZEB = ZEB - XZ/6.0 SXLA =XLA -ZM/6.0 •>-.00000015 

600 
0610 

I, 
:F{ ZEB - 8.0001) 37, 37, 40 

WRITE  OUT  FAftAMETtRS  PERTINLMT TO TnIS SOLUTION 
0630 
U640 

CALL SYMBOL( 6.5, 9.0. .07. 3ML =, 0» 3) 
CALL NUMBER(6.875,9.0, .07, XL, 0.0, 4HF6.3) 

0630 
06ö0 

CALL SYMbOLI 
CALL NUMBER( 

6.5. 8.7S, .07, 3MJ =, 0, 3) 
6.875,8.75, .07, XJ, 0. 5HF11.9) 

Ob /u 
OboO 

CALL SYMDÜL( 6.35, 8.5, .07, 
_?A!rk_^_yil?E.Rj__t>_«§-7L»_§J»-L»-_.»_Q-' 
CALL SYMöÖCCb ."4, 'a. 25 , .0"/ » 

öHDELV =,0, 6) 06'»0 
DELVt 0»0» 4riF3«^) ü7uU 
5HRED •• Ü.Ö". 5T  ' 0710 

.SALk.NUMbER (_ 6_..e_75_,_. 8 ._25_,_. 0_7, RED_, 0._0. 4016.^J_ 
C"AL L SYMbULT'SV^'S . 6 . üü'", '"*. oTt 4HöC ■ t 0. 01 "4) 
CALL NUMoERJ 6.875, 8.0,  .07, SC»  0.0. 4hF6.2) 

 QIÜL 
0730 
0740 

CALL SYMDüL( 6J.4»7.75, .07, 3nGAM =, 0.0, 5) 
_LA_Lk-iiyilD£.Rj__6_._8J_5_,_7JL7 3_,__,0J_.__G^!l»__Ji.j3.__4^^^ 

48 
50 

CALL SYMbOL( 3.0. 0.1. .14. BCX . 0.0» 24) 
ABSCISSA HAS NOW BEEN LAflELED . BEGIN .ORDINATE 

YLÄ = YMl"  $  YÄB = 0.5  $  MM = 3 
MM = 3  

LArifcL 

0730 
_Q7_60_ 
07 70 
Q7e0 
0790 
795 

34 

CALL PLOT ( 8.0. YAb.  3)  S»  CALL PLOT (1.0, YAb, 2/ 
Y = YAB -.035   ;  

IFTNT"- 1) 103tl04, 105 

0800 
810 

D3     CALL NUMDER(0.7. Y. .07. YLA. 0.0. 4HF8.1) 
GO"~YÖ'~lb'e 

D4     CALL NUN'atR(0.7.Y. .07, YLA.  0.0. 4hF5.2) 

08^0 
0830 
840 

0850 
GO TO 108 

35 IF(NZ - 2) 106f 106, 107  
51             CALL NÜMbER(Ö.7, Y, .07, YLA, Ö.Ö, THF'ö.S) 
[ GO TO 10B  
} 7 " " CALL NUMbER ( 0 • 7 # 9', .07, YLA, 0 • 0 • 4HF 7 • 4) 
)6   MM = MM - 1  

IF(MM - 1) 58, 58, 56 
>£» YAB « YAB ^ YZ  

912 
■SL1A. 

IF(YAB  -  9.50001)  109, 109, 60 

1SL y--f..YA6._-^_Q3^_„$_-yj.A__E_.YI.A__t._Y:tL  
GO TO 54 

>8  CALL PLOT(l.U, YAB, 3)  S CALL PLOT(a.O, YAB, 2) 

0920 
 QSLXL. 

940 
0930 

YAB   =   YAb   +YZ   $   YLA   =   YLA   +   YB 
IF    (YAB   -   9.5000U      ^Q»   5Qj   60 

0960 
 _Q9_7ü_  

■ 0 YAB     =     YAD   -   YZ/2.0 
IF(YAB   -   9.50001)      62,    62.   65 

900' 
0990 

2 YLA      =   YLA   -   YB/2.C 
GO   TO   50 

1000 
1010 

LABEL ORDINATE 
5   CALL SYMBOL(0.6»3.01_ .14. bCY. 90«0jL_24J_  
Nw.T PLOT CURVES 

0    CALL  ^LOT_( Ab(l) . OR ( 1) ♦ 3)       
Db"7"2"f"="T»~NP'f 

2     CALL SYMbOL (AB(I), OR(I) , .05, NCT, 0.0, -2) 

1020 
103Ü 
1040 
1050 
1060 
1070 

IF ( MS ) 80, 82, 82 
0 _CALL PLOTdO.O, 0.0, -■)_ 

RETURN  "'" 
2    ROW = ROW - .25 

MZ NM"="MZ I\ M""+"~i 
CALL SY.MtiÜL(7.25, ROW,.05, NCT, 0.0.-1) 

1090 f 

CALL NUMBtR( 7.5, ROW, .07, OR(82), 0.0,4HF7.3) 
RETURN 
YND 

14t 
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